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Sándor BODZÁS
Ilare BORDEAŞU
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Kristina JAKIMOVSKA
Juliana JAVOROVA
Zorana JELI
Dejan JEREMIĆ
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Waldemar MATYSIAK



viii Committees

Štefan MEDVECKY
Athanassios MIHAILIDIS
Cristina Carmen MIKLOS
Imre Zsolt MIKLOS
Dragan MILČIĆ
Miloš MILOVANČEVIĆ
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Dávid TAKACS
Amra TALIĆ-ČIKMIŠ
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Preface

Dear Ladies and Gentlemen, respectable Colleagues and Friends of KOD,

The 11th International Conference on Machine and Industrial Design in Mechanical
Engineering (KOD 2021) is being organized by the Faculty of Technical Sciences,
University of Novi Sad, from June 10 till 12, 2021.

The Conference KOD 2021 is being held under very specific conditions due to the
COVID-19 pandemic, for the first time. However, we hope that the pandemic stays
behind us and that every day brings us all safety. With that in mind, the Conference
KOD is organized as a hybrid event. We will do our best to connect all participants
who stay in their countries with all the participants who attend the conference in
person.

The conference chair would like to extend special gratitude to the editor of the
Springer Book Series Mechanisms and Machine Science, Prof. Marco Ceccarelli,
for supporting the conference and giving the chance to all authors to publish a paper
in an edition titled Machine and Industrial Design in Mechanical Engineering—
Proceedings of KOD 2021.

The basic goal of this conference is to assemble experienced researchers and prac-
titioners from universities, scientific institutes and different enterprises and organi-
zations from within this field. Also, it should instigate more intensive cooperation
and exchange of practical professional experiences in the field of shaping, forming
and design in mechanical and graphical engineering, industrial design and shaping,
product development and management. As there is a pressing need, under the cover
of Industry 4.0, for more effective, simpler, smaller, cheaper, noiseless and more
esthetically pleasing products that can easily be recycled and are not harmful to the
environment, the cooperation between specialists in these fields should certainly be
well developed and intricate.

Finally, we would like to thank all the people who have supported the conference
and have helped and encouraged us in all the activities.

We are very grateful to our reviewers whose enormous work of assessing the
papers is gratefully appreciated.

xi



xii Preface

We would also like to express our appreciation to our keynote speakers for their
invaluable contribution.

We would like to thank the authors themselves for contributing research papers,
without whose expert input there would have been no conference.

And last but not least, we are pleased to acknowledge the assistance provided
by the members of the International Scientific Committee and Technical Program
Committee of the Conference KOD 2021.

We wish You to have a safe and stimulating conference that will bring about
numerous fruitful discussions and lay the foundations for future collaboration.

Have an unforgettable stay in the city of Novi Sad, catch up with old friends, and
make some new ones.

WewishYou good healthish and success inYour further research and great fortune
and happiness in Your personal life.

Novi Sad, Serbia
10th June 2021

Prof. Milan Rackov, Ph.D. Eng.
Prof. Radivoje Mitrović, Ph.D. Eng.

Prof. Maja Čavić, Ph.D. Eng.
Conference Chairs of KOD 2021
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Tatjana M. Lazović, Ivan M. Simonović,
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Vanessa Prajova, Peter Košťál, Sergiu-Dan Stan, and Štefan Václav

35 Material Flow in the Flexible Manufacturing . . . . . . . . . . . . . . . . . . . . 371
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Chapter 1
Analytical Model for Spur Gears
with Profile Modification: Simulation
of the Meshing Stiffness, Load Sharing,
and Transmission Error

José I. Pedrero

Abstract The determination of the load sharing,meshing stiffness, and transmission
error is essential for evaluating the behavior of the gear pair in such important aspects
as the strength, dynamic load, load carrying capacity, and noise and vibrations levels.
The use of computational techniques as the Finite ElementMethod provides accurate
results, but it is time consuming and requires high computational cost, which involve
great difficulties for performing repetitive calculations as required in the initial design
steps. In this paper, a simple, analyticalmodel for spur gearswith profilemodification
is presented. The load sharing, transmission error, and time varying mesh stiffness
are expressed as simple functions of the gear geometry and profile modification,
which provide accurate enough results to take preliminary decisions for design.

Keywords Spur gears · Meshing stiffness · Load sharing · Transmission error ·
Profile modification

1.1 Introduction

Spur gear drives are extensively used in the aeronautical, marine, and automotive
industries, as well as many other mechanical applications. But all these applications
are currently subject to increasingly demanding requirements frommechanical, envi-
ronmental, and sustainability point of view. It is clear that not only classic criteria—as
power density, efficiency or reliability—should be govern the calculations, but also
modern demands, as noise emissions, vibration levels, or maintenance requirements,
should be also kept in mind during the design process.

The load sharing and transmission error have decisive influence on the gear
behavior. The load sharing affects the critical stresses and load conditions, which
determines the load carrying capacity; the efficiency and wear are also affected by
the load and teeth geometry; the transmission error is the source of noise, vibra-
tions, and dynamic load. To consider all these aspects in the design process, a model
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relating the meshing stiffness, load sharing, transmission error, and teeth geometry
is required. Finite Element models provide accurate and reliable results but require
a lot of time for the model preparation and high computational cost. This makes it
a useful tool for the validation or final design steps but involve great difficulties for
performing repetitive calculations at the initial steps. Calculation methods based on
analytic equations are therefore suitable for design, even if less accurate than FEM
models.

In this paper, a simple analytical model for the meshing stiffness (MS), load
sharing, and quasi static transmission error (QSTE) for spur gears, including the
influence of profile modification, is presented. The load sharing ratio (LSR) is calcu-
lated from the hypothesis of minimum elastic potential energy, which results in equal
deflection of all the tooth pairs in simultaneous contact. From this result, the gearMS
and the QSTE are calculated from the equations of the linear theory of elasticity. The
profile modification is considered as a gap between meshing teeth which reduces the
tooth pair deflection, and consequently the tooth pair stiffness, of the specific pair.

1.2 Single Mesh Stiffness

The single mesh stiffness (SMS), or mesh stiffness of the tooth pair, can be computed
from [1]:

KM =
(

1

kx1
+ 1

ks1
+ 1

kn1
+ 1

kx2
+ 1

ks2
+ 1

kn2
+ 1

kH
+ 1

kB1
+ 1

kB2

)−1

(1.1)

where kx is the bending stiffness, ks the shear stiffness, kn the compressive stiffness,
kH the contact stiffness, kB the gear body stiffness, and subscripts 1 and 2 denote
the driving and driven gear, respectively. kx, ks, and kn can be computed from the
equations of the elastic potential energy [2], although the equations of the tooth
profile are complicated, specifically at the root trochoid, and the integrals should be
solved by numerical methods. For kH and kB several approaches can be considered.
Usually, kH is calculated from the Hertz [3] or Weber and Banaschek [4] equations;
kB is often evaluated from theWeber andBanaschek [4] or Sainsot et al. [5] equations.
The most suitable approach will probably depend on the specific gear set to study
(material, ring body thickness, etc.). All of them can be considered by replacing the
proper equation in Eq. (1.1).

Obviously, the SMS depends on the contact point, which can be described by the
following parameter:

ξ = z1
2π

√
r2C1

r2b1
− 1 (1.2)
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in which z is the number of teeth, rC the radius of the contact point, and rb the base
radius. It can be proved that ξ is also a linear coordinate along the line of action,
which takes the following values at the tangency points with driving and driven gear
base circumference, T 1 and T 2:

ξT1 = 0

ξT 2 = z1 + z2
2π

tan α′
t (1.3)

being α′
t the operating transverse pressure angle. This means that the SMS of the

tooth pair –as well as any other parameter depending on the contact point– can
be expressed as a function of the ξ coordinate along the pressure line, KM = KM

(ξ ). It can be proved that the difference between the contact point parameter of the
theoretical outer and inner points of contact, ξ o and ξ inn, is equal to the contact ratio
εα:

ξo − ξinn = εα (1.4)

and the difference between the contact point parameter of two pairs is:

ξ(i+ j) = ξ(i) + j (1.5)

The curve of SMSKM (ξ ) will depend on the considered approaches for the contact
stiffness and gear body stiffness; however, the shape of the curve is always quite
similar. Figure 1.1 shows the normalized SMS curve KM(ξ )/KMmax for six different
combinations of the approaches above. In all the cases the curve has a parabolic
shape, symmetric respect the midpoint of the domain—i.e., the theoretical contact

Fig. 1.1 Curves of SMS from different approaches



6 J. I. Pedrero

interval—, with a maximum at this point. The same shape is obtained from other
numerical or computational techniques, as FEM [6].

These curves of SMS can be accurately approximated by the Eq. [1]:

KM(ξ) = KM max cos b0(ξ − ξm) (1.6)

with:

b0 =
[
1
2

(
κ1 + εα

2

)2 − κ2

]− 1
2 ; ξm = ξinn − εα

2 ; ξinn ≤ ξ ≤ ξo (1.7)

and KMmax can be computed as described in [1]. To adjust the Eq. (1.6) to each
specific approach, appropriate values of coefficients κ1 and κ2 should be chosen.
Table in Fig. 1.1 shows the values of the coefficients for six approaches represented
in the diagram. New values can be easily calculated for other approaches.

1.3 Theoretical Load Sharing Ratio and Determinant
Stresses

From the minimum elastic potential energy hypothesis, the load at the tooth pair (i)
can be computed from [2]:

F(i) = KM(i)∑
j KM( j)

FT (1.8)

where FT is the total transmitted load and the sum is extended to all the tooth pairs
in simultaneous contact. From Eq. (1.8), the theoretical LSR, which can be also
expressed as a function of the contact parameter ξ along the line of contact, is given
by:

R(ξ) = F(ξ)

FT
= KM(ξ)∑

j KM(ξ + j)
(1.9)

Figure 1.2 presents the theoretical LSR curves for standard and high contact ratio
(HCR) spur gears. Note that they do not depend on the amplitude of SMS, KMmax.
The evolution of the contact stress and tooth root stress—computed according to ISO
6336 [7], are also shown in Fig. 1.2.

It can be observed that, for standard contact ratio (SCR) spur gears, the determinant
contact stress may occur at the inner limit of the contact interval or at the inner limit
of the single tooth contact interval, while the determinant tooth root stress occurs
for the load acting at the outer limit of the single tooth contact interval. For HCR
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Fig. 1.2 Curves of theoretical LSR (up), contact stress (middle), and tooth root stress (down) for
SCR (left) and HCR (right) spur gears

spur gears, critical contact stress occurs at the inner point of two pair tooth contact
(though in some cases may occur at the inner point of contact), while the critical
tooth root stress arises for contact at some point of the outer interval of two pair
tooth contact, along which the tooth root stress is quite uniform.

1.4 Tooth Pair Deflection: Time Varying Meshing Stiffness
and Quasi Static Transmission Error

The tooth pair deflection δ can be computed from the SMS and the LSR as follows:

(
F(i) = KM(i)δ(i)

F(i) = KM(i)∑
j KM( j)

FT

)
⇒ δ(i) = FT∑

j KM( j)
(1.10)
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It is observed that the deflection does not depend on the specific tooth pair (as
δ(i) does not depend on i) and therefore it is concluded that the tooth deflection at a
given contact position ξ is the same for all the tooth pairs in contact at this time:

δ(ξ) = FT∑
j KM(ξ + j)

(1.11)

The deflection δ(ξ ) also represents the delay of the driven gear respect to its theo-
retical position, which is, by definition, the QSTE. TheQSTE can be also represented
by the angular deviation of the output gear position ϕ2, so that:

ϕ2(ξ) = δ(ξ)

rb2
= 1

rb2

FT∑
j KM(ξ + j)

(1.12)

where rb is the base radius. In this paper, both approaches to the QSTE, δ and ϕ2,
will be used. In addition, the equal deflection of all the tooth pairs in simultaneous
contact introduces the total meshing stiffness, also called time varying meshing
stiffness (TVMS) KT , from Eq. (1.11), as follows:

KT (ξ) = FT

δ(ξ)
=

∑
j

KM(ξ + j) (1.13)

Figure 1.3 presents the theoretical QSTE andTVMS for SCR andHCR spur gears.

1.5 Extended Contact Interval

Due to the output gear delay, contact between the driving tooth root and the driven
tooth tip starts earlier than expected and outside the line of action, which induces
the so-called mesh-in impact. Figure 1.4 shows the delayed position of the output
gear tooth, corresponding to point a at the line of action, when the driving gear tooth
position is depicted by point b. The segment ab represents the delay of the driven
gear and its length is equal to that of segment cd , which represents the tooth pair
deflection. Due to this delay/deflection, the root of the incoming driving tooth hits
the tip of the driven one at point I in Fig. 1.4, which induces the mesh-in impact.

The theoretical inner point of contact is point e in Fig. 1.4 and corresponds to ξ

= ξ inn. The actual inner point of contact is point b and will correspond to ξ = ξmin.
The same occurs at the end of contact with the theoretical outer point of contact
ξ o and the actual outer point of contact ξmax. The extended contact interval will be
ξmin ≤ ξ ≤ ξmax. The limits ξmin and ξmax can be approximately computed from [8]:
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Fig. 1.3 Curves of theoretical QSTE (up) and TVMS (down) for SCR (left) and HCR (right) spur
gears

Fig. 1.4 Mesh-in impact due to load induced tooth deflections

ξmin ≈ ξinn − z1
2π

√
1

Cp−inn

(
δinn

rb1

)

ξmin ≈ ξo + z1
2π

√
1

Cp−o

(
δo

rb1

)
(1.14)



10 J. I. Pedrero

where δinn and δo are the teeth deflections at the inner and outer points of contact,
which can be computed with Eq. (1.11), and coefficients Cp–inn and Cp–o can be
calculated as presented in [8].

As shown in Fig. 1.4, the contact along the inner/outer additional contact interval
occurs between the tip point of the driven/driving tooth and a short interval of points
at the root of the involute of the driving/driven tooth. The SMS is therefore quite
uniform along both additional contact intervals and can be approximated to the value
of the SMS at the theoretical inner and outer points of contact. Consequently, the
extended single meshing stiffness can be expressed as:

KM(ξ) = KM max cos b0
εα

2 for ξmin ≤ ξ ≤ ξinn

KM(ξ) = KM max cos b0(ξ − ξm) for ξinn ≤ ξ ≤ ξo

KM(ξ) = KM max cos b0
εα

2 for ξo ≤ ξ ≤ ξmax

(1.15)

The quasi-static loading process of the spur tooth-pairs is depicted in Fig. 1.5.
It is assumed that output gear is fixed—i.e., points 1, 2, 3, and 4 in Fig. 1.5 do not
move—, while the input gear rotates clockwise. If the gear is unloaded, the input
gear can rotate up to position (a), corresponding to the tooth-pair j = 1 being in
contact at point a1 on the pressure line. At this position, the incoming tooth-pair j
= 0 is not in contact. As the load increases, the driving gear rotates and, due to the
teeth deflections, the driving-gear tooth j = 0 approaches the corresponding mating
tooth. When the driving gear reaches position (b), the tooth-pair j = 0 contacts at
point i, outside the pressure line. In this position, tooth-pair j = 0 is not loaded and
all the load is transmitted by tooth-pair j = 1, which induces the tooth-pair deflection
described by the interval a1b1. As the load increases, up to the final value, the input
gear rotates progressively, up to the final position (c). At this situation, the total load,
which is unevenly shared between both tooth-pairs j = 0 and j = 1, induces the
tooth-pair deflections described by the intervals b0c0 and a1c1, respectively.

Distance a0b0 is the approach distance and corresponds to the required tooth
deflection of the previous pair to start the effective contact at point i. This is described
by Eq. (1.13) and therefore the approach distance is given by:

δG(ξ) =
(
2π
Z1

)2
rb1Cp−inn(ξinn − ξ)2 for ξmin ≤ ξ ≤ ξinn

δG(ξ) = 0 for ξinn ≤ ξ ≤ ξo

δG(ξ) =
(
2π
Z1

)2
rb1Cp−o(ξ − ξo)

2 for ξo ≤ ξ ≤ ξmax

(1.16)
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Fig. 1.5 Quasi static loading process of spur gear pair

1.6 Load Sharing Ratio, Quasi Static Transmission Error,
and Time Varying Meshing Stiffness for Unmodified
Teeth

It is very clear that, inside the additional contact intervals, the tooth pair deflection
is equal to (δ−δG). Since δG = 0 inside the theoretical contact interval, the load at
any contact point of the extended contact interval can be expressed as follows:

F(ξ) = KM(ξ)(δ(ξ) − δG(ξ)) (1.17)

Accordingly, the total load will be:
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Fig. 1.6 Curves of LSR (up) and QSTE (down) for unmodified SCR (left) and HCR (right) spur
gears

FT = δ(ξ)
∑
j

KM(ξ + j) −
∑
j

KM(ξ + j)δG(ξ + j) (1.18)

therefore, the QSTE, LSR, and TVMS can be expressed as:

δ(ξ) = FT + ∑
j KM(ξ + j)δG(ξ + j)∑

j KM(ξ + j)

R(ξ) = KM(ξ)

FT
(δ(ξ) − δG(ξ))

KT (ξ) = FT

δ(ξ)
(1.19)

Figure 1.6 presents the LSR and QSTE curves of spur gear pair of SCR and HCR,
obtained from Eq. (1.19). The dashed lines represent the corresponding theoretical
curves of LSR and QSTE.

1.7 Load Sharing Ratio, Quasi Static Transmission Error,
and Time Varying Meshing Stiffness for Modified Teeth

Figure 1.7-left shows the effective start of contact of a spur tooth pair, in whichmesh-
in impact occurs at point I. Figure 1.7-right shows how a tip relief at driven tooth tip
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Fig. 1.7 Quasi static loading
process of spur gear pair

Fig. 1.8 Geometry of the
profile modification

delays the start of contact. If the amount of relief is appropriate, the start of contact is
delayed to the theoretical inner point of contact, namely point e in Fig. 1.7. Figure 1.8
shows the geometry of profile modification. As other geometrical parameters, the
profile modification δR will be expressed as a function of the linear parameter along
the line of action ξ, as follows:

δR(ξ) = 	R−inn for ξmin ≤ ξ ≤ ξinn

δR(ξ) = 	R−innδR−inn(ξ) for ξinn ≤ ξ ≤ ξinn + 	ξr−inn

δR(ξ) = 0 for ξinn + 	ξr−inn ≤ ξ ≤ ξo − 	ξr−o

δR(ξ) = 	R−oδR−o(ξ) for ξo − 	ξr−o ≤ ξ ≤ ξo

δR(ξ) = 	R−o for ξo ≤ ξ ≤ ξmax

(1.20)

where 	R is the amount of modification, 	ξ r is the length of modification, and
δR–o(ξ ) and δR–inn(ξ ) represent the shape of modification. For example, for linear or
parabolic tip relief, these functions are:
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δR−inn(ξ) =
(
1 − ξ−ξinn

	ξr−inn

)n; δR−o(ξ) =
(
1 − ξo−ξ

	ξr−o

)n
(1.21)

with n = 1 for linear relief and n = 2 for parabolic relief. To shift the inner and outer
points of contact to their theoretical positions ξ inn and ξ o, the amount of modification
should be equal to the QSTE the same points, 	R–inn = δ(ξ inn) and 	R–o = δ(ξ o).

It is very clear that the profile modification can be studied as an additional gap
between mating teeth before the contact. Consequently, the load at any point of the
extended contact interval can be expressed as follows:

F(ξ) = KM(ξ)(δ(ξ) − δG(ξ) − δR(ξ)) (1.22)

and following the same procedure, the QSTE, LSR and TVMS are expressed as
follows:

δ(ξ) = FT + ∑
j KM(ξ + j)(δG(ξ + j) + δR(ξ + j))∑

j KM(ξ + j)

R(ξ) = KM(ξ)

FT
(δ(ξ) − δG(ξ) − δR(ξ))

KT (ξ) = FT

δ(ξ)
(1.23)

Figure 1.9 shows the LSR and QSTE of a SCR spur pair with symmetric, linear,
adjusted tip relief, and a HCR spur pair with asymmetric, linear, adjusted tip relief,
all of them obtained from Eq. (1.23).

Equation (1.23) present the formulation of the model for QSTE, LSR, and TVMS
for spur gears with profile modification. All the results presented in the following
sections have been obtained from these equations.

1.7.1 Influence of the Shape of Modification

The shape of modification influences the shape of the QSTE and LSR curves.
Figure 1.10 shows the curves of LSR and QSTE of a SCR gear pair with linear
and parabolic, symmetric profile modification. The diagrams correspond to the same
spur pair of Fig. 1.9-left, but considering a specific length of modification which
verifies the condition 	ξ r–inn = 	ξ r–o = (εa–1)/2, in such a way that the interval
of modification coincides with the whole interval of two pair tooth contact, and
therefore points B1 and C1 are coincident.

It is remarkable that the shape of the branches of the curves of QSTE and LSR
are governed by the equation of the profile modification through Eq. (1.23). Thereby,
for a given equation of the QSTE or LSR, the required profile modification can be
computed from:
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Fig. 1.9 Curves of LSR (up) and QSTE (down) for SCR with symmetric, linear, adjusted profile
modification (left) and HCR with asymmetric, linear, adjusted profile modification (right)

Fig. 1.10 Curves of LSR (up) and QSTE (down) for SCR spur gear with symmetric, adjusted,
linear (left) and parabolic (right) profile modification
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∑
j

KM(ξ + j)δR(ξ + j) = δ(ξ)
∑
j

KM(ξ + j) −
∑
j

KM(ξ + j)δG(ξ + j) − FT

δR(ξ) = δ(ξ) − δG(ξ) − R(ξ)FT

KM(ξ)
(1.24)

which can be simplified if assumed that, to ensure at least one tooth pair in contact
at involute profile points, only one pair of SCR spur gear may contact at points of
modified profile, and therefore Eq. (1.24) can by written as follows:

δR(ξ) = 1

KM(ξ)

⎡
⎣δ(ξ)

∑
j

KM(ξ + j) −
∑
j

KM(ξ + j)δG(ξ + j) − FT

⎤
⎦

δR(ξ) = δ(ξ) − δG(ξ) − R(ξ)FT

KM(ξ)
(1.25)

1.7.2 Influence of the Amount of Modification

The adjusted amount of profile modification shifts the effective start of contact to
the theoretical point, which avoids the mesh-in impact. If the amount of modifica-
tion is greater, the contact will start beyond the theoretical point; if the amount of
modification is smaller, the contact will start before the theoretical point. Obviously,
the effect of the overloads is similar to that of the smaller amount of modification,
and the effect of underloads is similar to that of the greater amount of modification.
In addition, mesh-in impact will occur at the start of contact for small amount of
modification or overload.

Figure 1.11 shows the LSR, QSTE, and TVMS of a HCR spur gear with asym-
metric (only at the start of contact) linear profile modification, with adjusted, smaller,
and greater amount of modification. All the curves have been obtained from Eq.
(1.23). For non-adjusted (greater or smaller) length of modification, the limits of the
actual contact interval are calculated from the condition of null load at both limits,
and therefore from Eq. (1.23):

δ(ξmin) = δG(ξmin) + δR(ξmin)

δ(ξmax) = δG(ξmax) + δR(ξmax) (1.26)

Equation (1.26) can be simplified by considering that for overloads (or smaller
amount of modification) δR(ξmin/max) = δR(ξ inn/o) and δ(ξmin/max) ≈ δ(ξ inn/o); while
for underloads (or greater amount of modification) δG(ξmin/max) = 0.
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Fig. 1.11 Curves of LSR (up), QSTE (middle), and TVMS (down) for HCR spur gear with asym-
metric linear profile modification, with adjusted (left), smaller (center), and greater (right) amount
of modification
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1.7.3 Influence of the Length of Modification

According to Figs. 1.9 and 1.10, the length of modification has direct influence on
the slope of the curves of LSR and QSTE. Specifically, the longer the modification,
the lower the slopes. Since the slope of the QSTE is related with the instantaneous
variations of the output velocity (instantaneous accelerations), it is concluded that
the longer the modification, the lower the induced dynamic load.

However, modification cannot be as long as desired. To ensure that the contact
occurs along the line of action, at least one tooth pair should be in contact at involute
points of both profiles, at any moment. This means that the length of modification
should verify:

	ξr−inn + 	ξr−o ≤ εα − 1 (1.27)

For SCR spur gears, condition (1.27) is equivalent to the total length of modi-
fication non exceeding the fractional part of the contact ratio dα , i.e., 	ξ r–inn +
	ξ r–o ≤ da. Accordingly, the minimum slope of the QSTE curve –and therefore
minimum instantaneous dynamic load– is obtained for 	ξ r–inn = 	ξ r–o = da/2,
as shown in Figs. 1.9 and 1.10. In addition, the peak-to-peak amplitude of QSTE
cannot be reduced since at least one point of the QSTE curve will be inside the
interval of minimum QSTE, interval BC in Fig. 1.9-left. Longer profile modifica-
tions may reduce the peak-to-peak amplitude of QSTE, as shown in Fig. 1.12, but
there is a sub-interval inside the contact interval in which no tooth pairs are in contact
at involute points of both profiles. Along this sub-interval, contact may occur outside
the pressure line. Equation (1.23) are valid for this case, but approximation is less
accurate due to the slight variation on the load angle.

However, for HCR spur gears, the condition (27) is less restrictive. Indeed, lengths
of modification greater than dα , even greater than 1, are suitable, and LSR, QSTE
and TVMS can be calculated from Eq. (1.23). This will be discussed in the next
section.

Fig. 1.12 Curves of LSR (left) and QSTE (right) for SCR gear with symmetric long profile
modification
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1.8 High Contact Ratio Spur Gears with Long Profile
Modifications

Figure 1.13 shows the LSR and QSTE of a HCR spur gear with short-symmetric,
long-symmetric, and long-asymmetric linear profile modification. The amount of
modification is adjusted. All of them have been computed from Eq. (1.23).

The effect of symmetric modification on the LSR and QSTE is quite different
from that of asymmetric modification. Although both provides interesting design
tools.

1.8.1 Symmetric Long Profile Modification

As seen in Fig. 1.13-center, symmetric profile modification drastically reduces the
peak-to-peak amplitude of QSTE. This is due to as the length of modification
increases, point B1 moves to the right and point C1 moves to the left. Once they
cross, the curve of QSTE does not reach the interval of minimum QSTE BC , and
therefore the peak-to-peak amplitude is reduced. Note that at point b1, the curve of
QSTE leaves the trajectory AB1 because at this point the outgoing tooth pair begins to
contact inside the interval of modification, and therefore the mesh stiffness decreases
and the QSTE increases.

The peak-to-peak amplitude of QSTE will be minimum when QSTE at points A
andM are equal. Is has been studied in [9], where the following approximate equation
were found for the length of symmetric modification for minimum peak-to-peak
amplitude of QSTE:

	ξr−inn = 	ξr−o = 0.8672dα (1.28)

Figure 1.14-left shows theLSRandQSTE for the sameHCRspur gear of Fig. 1.13,
with profile modification for minimum pear-to-peak amplitude of QSTE.

Other interesting possibility is the control of the maximum instantaneous induced
dynamic loadwith the length ofmodification. Asmentioned above, the time variation
of the QSTE is related with the induced dynamic load. Although minimum slope of
QSTE may not ensure minimum dynamic load (because the dynamic load depends
on some other factors as shaft stiffness, bearing stiffness, inertia, etc.), minimizing
the slope of the QSTE curve will minimize the contribution of the QSTE to the
dynamic load.

Themathematical study can be found in [9], but fromFig. 1.13-center it is intuitive
that the maximum slope of the QSTE curve will be minimum if segment Ab1 is
eliminated. This occurs for pointC1 coincident with point B (and point B1 coincident
with point C), which is expressed as follows:

	ξr−inn = 	ξr−o = dα (1.29)



20 J. I. Pedrero

Fig. 1.13 Curves of LSR
(up) and QSTE (down) for
HCR spur gear with
short-symmetric (left),
long-symmetric (center), and
long-asymmetric (right)
adjusted linear profile
modification
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Fig. 1.14 Curves of LSR (up) and QSTE (down) for HCR gear with optimal long profile modifi-
cation for minimum peak-to-peak amplitude of QSTE (left) and minimum instantaneous dynamic
load (right)

Figure 1.14-right shows the LSR and QSTE for the same HCR spur gear of
Fig. 1.13, with profile modification for minimum instantaneous induced dynamic
load.

1.8.2 Asymmetric Long Profile Modification

Figure 1.13-right shows theLSRandQSTEcurves ofHCRspur gearwith asymmetric
long profile modification. The peak of load arising at the inner limit of the outer
interval of two pair tooth contact is due to the modification interval contains the
beginning of the inner interval of two pair tooth contact, and therefore the load is
lower. Since the load is shared between two tooth pairs, if it is lower in one of them,
it should necessarily be greater in the other.

This provides a new interesting design tool. As shown in Fig. 1.2, for HCR spur
gears, the critical contact stress occurs for contact at the inner point of the inner
interval of two pair tooth contact (near the point with ξ = 1.0 in the figure). The
critical tooth root stress occurs for contact at some point of the outer interval of two
pair tooth contact, along which the tooth root stress is quite uniform. According to
Fig. 1.13-right, if due to the asymmetric long profile modification, the load decreases
at the point ofmaximumcontact stress and increases at the interval ofmaximum tooth
root stress, the critical contact stress will decrease and the critical tooth root stress
will increase, resulting in higher pitting load carrying capacity and lower bending
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load carrying capacity. Consequently, asymmetric long profile modification can be
used to balance the pitting and bending load carrying capacities, and therefore to
improve the final load carrying capacity, in the not unusual cases in which the pitting
load carrying capacity is determinant.

The maximum pitting load carrying capacity is limited by the peak of load. As
the length of modification increases the load at the inner points of the inner interval
of two pair tooth contact decreases, and consequently the load at the inner points of
the outer interval of two pair tooth contact increases. Thereby, since point B1 moves
to the right, the contact stress at this point decreases, but at the same time, since the
peak of load is higher, the contact stress at point D′′ increases. Consequently, the
maximum pitting load capacity will be obtained for equal contact stress at points B1

and D′′.
Once again, all these curves have been obtained from Eq. (1.23). And remain

perfectly valid for different amount of modification or load conditions. Figure 1.15

Fig. 1.15 Curves of LSR (up), QSTE (middle), and TVMS (down) for HCR gear with asymmetric
long profile modification under overload (left) and underload (right) conditions
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shows the effect of asymmetric long profile modification on the LSR, QSTE, and
TVMS of HCR spur gear under overload and underload conditions, obtained from
Eq. (1.23).

1.9 Non-Standard Tooth Dimensions

The expression for the SMSpresented inEqs. (1.6) and (1.15) and drawn in Fig. 1.1, is
valid for spur gears with addendum factor ha equal to 1 and standard center distance.

For shorter or longer addenda, the SMS curve should be truncated or prolonged,
but Eqs. (1.6) and (1.15) remain valid, although the coefficient b0 in Eq. (1.7) should
be computed from the fictitious contact ratio, namely the contact ratio of the spur
gear with ha = 1, standard center distance, and identical values of all the other
geometrical parameters [10]. Similarly, shorter or longer operating center distance
results in longer or shorter contact interval, respectively, decreasing or increasing
the contact interval at both limits in the same amount. Obviously, in these cases the
point of maximum SMS may not coincide with the midpoint of the contact interval.

Figure 1.16 shows the SMS, LSR, and QSTE of an unmodified SCR spur gear
with standard tooth addendum, and with reduced tooth addendum on the driven gear
and enlarged tooth addendum on the driving gear. It can be observed the asymmetric

Fig. 1.16 Curves of SMS and LSR (up), and QSTE (down) for SCR unmodified gear with standard
(left) and non-standard (right) tooth addendum
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Fig. 1.17 Curves of LSR (up) and QSTE (down) for HCR gear with non-standard tooth addendum
and long profile modification for minimum peak-to-peak amplitude of QSTE (left) and minimum
dynamic load (right)

shape of the SMS curve and the influence of this asymmetry on the LSR and QSTE
curves.

Similarly, Fig. 1.17 presents the LSR and QSTE curves for a HCR spur gear with
reduced addendum on the driven gear and enlarged addendum on the driving gear,
with symmetric, adjusted long profile modification. Both lengths of modification, to
minimize the peak-to-peak amplitude of QSTE and to minimize the instantaneous
dynamic load, have been considered. All the calculations have been made with Eq.
(1.23).

1.10 Conclusion

An analytic model of meshing stiffness, load sharing, and transmission error for
spur gears with profile modifications is presented. From simple expressions for
the single meshing stiffness, approach distance, and profile modification, equations
for the determination of the quasi static transmission error, load sharing ratio, and
time varying meshing stiffness are provided. The model is valid for standard and
non-standard tooth height and center distance, standard and high contact ratio gear
pairs, and arbitrary values of the amount, length, and shape of profile modification,
including:
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– Adjusted and non-adjusted amount of modification (corresponding to nominal
and non-nominal load conditions),

– Linear and parabolic modifications,
– Short and long length of modification, and
– Symmetric and asymmetric modifications.

The presented model provides an interesting design tool allowing to control the
load sharing and transmission error by selecting the profile modification parame-
ters. Specifically, for high contact ratio spur gears, optimal profile modifications for
minimum average dynamic load, minimum instantaneous dynamic load, and optimal
load carrying capacity have been obtained. In addition, the simplicity of the equa-
tions allows to study not only the load sharing ratio and quasi static transmission
error for a given profile modification, but also the profile modification required for
preestablished functions of load sharing ratio or quasi static transmission error.

The model will be completed in the future with the consideration of the influence
of newparameterswhich can be expressed as new additional gaps between contacting
surfaces, as for example the machining errors, surfaces temperature, and wear. The
study of the influence of wear has a singularity owing to the wear depth depends on
the number of meshing cycles. Since the load sharing at each cycle depends on the
accumulated wear, and the instantaneous wear depends on the instantaneous load
sharing, calculations should be made sequentially.
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Chapter 2
Lifetime Mechanics of Machines
as Cluster of Classical Mechanics,
Reliability Theory and Digital Twin
Concept

Vladimir Algin

Abstract The model approach and digital twin (DT) are the main features of
Industry 4.0, based on the rapidly growing digitalization capabilities, including real-
time modeling of the behavior/state of objects, the fusion of virtual and real objects
and their updating during the life cycle. Since 2015, there are an avalanche increase
in publications on DT. They cover the understanding of the term “digital twin”,
general approaches and practical applications, and standardization issues. However,
these and other issues cannot be resolved without accumulating a critical mass of
tools and cases of their application in practice. The aim of the work is to develop
the architecture of the information model for a technically complicated item and its
basic components: the characteristic representations, models and the tools/methods
serving them. The examples used relate to vehicles and their drives. The main idea is
that the meaningful models and representations of the design stage should be further
applied and, if necessary, adjusted for individual parameters at the operational stage
of the object. They are supplemented with diagnostic data and are used to build the
DT for the manufactured exemplar. This realizes the digital thread of representa-
tions, models and data beginning from the design stage. In addition, new tools are
added during the operation stage (diagnostic system, lifetime expense evaluation).
Components of the information model that developed in the Lifetime Mechanics of
Machines provide a comprehensive assessment of the functional and life properties
of technically complicated items and can be applied to a wide range of mechanical
engineering objects.
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2.1 Introduction

The paper describes the way of creating an architecture of digital twins (information
models) for predicting and assessing the state of complex products using meaningful
(sense, physical) models, representations and tools. Architecture is considered as
fundamental concepts or properties of a system in its environment embodied in its
elements, relationships, and in the principles of its design and evolution [1]. Mean-
ingful models are used at the design stage and then at the operational stage. At the
same time, the uncertainty of a number of model parameters under design stage
(operation conditions, driving style, technological parameters, etc.) is eliminated
in operation due to sensors data. The set of models at operation is expanded with
diagnostic models, as well as object state models, based entirely on current oper-
ational data. This approach is particularly effective when creating digital twins of
complex products developed using heterogeneous meaningful models from different
disciplines.

The evolution of the concept proposed by M. Greaves in 2002, which led to the
emergence of the now accepted term “digital twin” (DT), is presented in the works
of Greaves [2, 3].

The DT concept is related to the so-called “digital thread”, also called “digital
stream”. The termwas coined by LockheedMartin Corporation and implies a contin-
uous flow of production chain modeling from the design stage. Digital threads refer
to the digitization and traceability of product “from cradle to grave” [4]. See also
some inventions related digital thread [5, 6].

It should be noted that the work [7] anticipated and combined the ideas of the
digital twin and digital thread in the form of an information model of a machine
that accompanies its life cycle. This work contains the following provisions: “The
creation and use of high-tech products requires a new information technology for
the construction and development at all stages of the machine’s life cycle of its
information model as the basis of this technology. This leads to the need to improve
the technical documentation of machines by including an information model of the
machine at various stages of the life cycle.”

The following aspects are essential:

– each part of the machine is represented as a source of information signals,
– the machine units in which it is possible and appropriate to implement the princi-

ples of reflexive control are allocated (the control object and the controlling part
change functions at some point), and

– procedures for identifying information sources, control objects and reflexive nodes
are provided, their interrelationships are determined.

The information model should be designed in such a way as to allow the use of
various sources:

– semantic, structural (logical), parametric (quantitative, mathematical) models,
– measurement results,
– expert evaluations, and
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– means of simulating the elements and units of the machine (in slow, accelerated
and real time scales in relation to the current, retrospective and predicted state)
[7].

(The assumption that there are possible conflicts among the subsystems of the
machine, endowed with intelligence, can be considered as a forecast for the forth-
coming i4.0 technologies. These conflicts can be solved on the basis of the principles
of reflexive control).

Recently, an increasing number of DT reviews have been published, covering an
increasing number of publications. One of the most representative review for the
beginning of 2021 is [8], which analyzes publications, standards and patents on the
DT topic. Based on this review and other publications, the following conclusions can
be drawn.

1. There are no general standards in the field of DT. The exception is [9], which
refers only to the stage of production (making) of an object.

In [10], devoted to the development of a special standard, it is noted that nowadays
a large number of different CAE tools are available for the design and analysis of a
gear unit and its components, each of which has its own strengths. Amajor milestone
for Industry 4.0 is the establishment of industry-wide standards.

The paper [10] presents an industry-wide standard under development for simple
data exchange in transmission development under the name REXS (Reusable Engi-
neering EXchange Standard) [11]. The REXS initiative pursues the goal of providing
a digital twin in transmission development and calculation. REXS has the potential
to establish itself on a large scale as a standard model for data exchange in the field
of gear unit design and analysis. This would result in a number of advantages for
the software manufacturers, for the companies using the tools and for the users:
(1) Transmission designs and analyses at any level of detail, i.e. from the overall
system view via the analysis of individual components to the individual physical
phenomena, can always be carried out on the basis of a single data model, (2) A
simple data exchange between the classical analytical gear design programs towards
universal dynamic, FE and CAD systemswould be possible. Expenses for additional,
specific modeling could be greatly reduced, etc.

2. There are no DTs in which the functional and life properties of the product
would be meaningfully and comprehensively displayed. Operational models
mainly use big data.

The complication of technical objects, as well as the situation when the developer
is one party, the manufacturer is the other, the consumer is a third party, and the
service team is the other, leads to the fact that the consumer cannot use the models
and tools of the design stage. And the consumer prefers to work with big data from
operation. However, the use of big data becomes problematic when the operation
conditions for using the object change. And special tools need to solve the problem.
For example, the life prediction with considering the switching of mission profile,
which is composed of different operating conditions is proposed in [12].
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3. In addition, the processes of damage accumulation, especially fatigue ones, are
poorly predicted.

In [13] it is indicated that when developing a mathematical model to simulate the
fatigue damage of steel members, many sources of uncertainty are identified. First,
the model input parameters have a wide range of variability. Furthermore, additional
uncertainty arises by the simplification of mathematical models adopted, as well
as, measurement errors and varying application conditions. The material response
to applied stress is considered complicated since there are several factors that can
alter the endurance limit. The proposed approach [13] is based on fatigue damage
prediction models integrated with real-time damage records.

In [14], an approach, based on DT, is developed for performing mission opti-
mization under uncertainty to ensure the safety of the system with respect to fatigue
cracking. This is achieved by designing mission load profiles for the mechanical
component such that the damage growth in the component is minimized, while the
component performs the desired work. The proposed approach includes: damage
diagnosis, damage prognosis, and mission optimization. All of them are affected
by uncertainty regarding system properties, operational parameters, loading and
environment, as well as uncertainties in sensor data and prediction models.

4. It should also be noted that the idea of using models developed at the R&D
stage for the operation stage is gradually penetrating the scientific, technical,
industrial and consumer community.

Thus, in [15], the concept of an Executable Digital Twin is proposed, which,
from the point of view of Siemens specialists, will become a key aspect in any
future Digital Twin driven application. The following definition is given [15]: “An
Executable Digital Twin is a specific encapsulated realization of a Digital Twin with
its execution engines. As such they enable the reuse of simulation models outside
R&D. In order to do so, the Executable Digital Twin needs to be prepared suitably
for a specific application out of existing data and models. In particular it must have
the right accuracy and speed. The Executable Digital Twin can be instantiated on
the edge, on premise, or in the cloud and used autonomously by a non-expert or a
machine through a limited set of specific APIs”.

Considering the above, the rest of this paper includes a description of the general
architecture of the information model of a technically complicated item (TCI)
(Sect. 2.2), the features of its implementation at the design and operation stages
of a TCI using the concepts, representations, models and tools developed in the
Lifetime Mechanics of Machines (Sect. 2.3) and final conclusions (Sect. 2.4).
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2.2 Lifetime Mechanics of Machines and General
Architecture of Information Model of Technically
Complicated Item

The term “Lifetime mechanics of machines” (LMM) reflects the collaborative study
of (1) movement and functioning, and (2) the life state (health) of a machine.

LMM uses the provisions and approaches of a number of disciplines (mechanics,
reliability and system theories) and develops its own conceptual and computational
apparatus (Fig. 2.1). Mechanics serves as the developer and “supplier” of the initial
models of loading and damage to engineering components, with the help of which
lifetimes are calculated (operating times to the limit state).Reliability theory provides
a probabilistic approach, concepts for describing the properties of products and quan-
titative indicators for their evaluation. System theory adds the synergistic aspects
inherent in any complex system, such as the dependent behavior of elements. The
new approach is also to take into account the factors and problematic issues that
appear during the transition from analog to digital models and methods for modeling
individual product behavior.

The LMM considers the machine as a TCI. The proposed architecture of the TCI
information model is shown in Fig. 2.2.

(TCI is a product with a hierarchical structure, the presence of an operator (driver)
and a large number of components of different types. Such a product is used in various
conditions andmodes of operation. Typical technically complicated items are:mobile
machines; agricultural machinery; main technological equipment [16]).

The architecture includes basic representations (views) and models of the TCI as
well as methods that serving them. New basic representations are shown in rectan-
gular frames as abbreviations. They are: LSC = Lifetime-strength curves; RMS =

Fig. 2.1 LMM and its
integrating role
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Fig. 2.2 Architecture of the
TCI information model in
LMM

Regular mechanical system; RDS = Regular dynamic scheme; SDM = Structural-
distribution matrix; RDOC = Relative duration of operation conditions; LEC =
Loading-energy/fuel curve; LVC = Loading-velocity curve; MMDS = Multilevel
“Mechanics-Dependability” scheme; SLS = Scheme of limiting state.

2.3 Main Features of TCI Information Model Architecture

2.3.1 Quasistatics—Kinematics—Dynamics. Regular
Mechanical Systems

From the time of Newton (Mathematical Principles of Natural Philosophy, 1687) to
the present day, an approach has been preserved to write formulas (to get mathemat-
ical models) without preliminary idealization of objects of the real world. It is often
impossible to make a mechanical model of the system using the written formulas.
The other side of the coin is the wrong initial schematization.

The wrong model of the device “Clutch” and its implementation in the software
Dymola are shown in Fig. 2.3. The simulation results (Fig. 2.4) are predictable: the
computational process stops (hangs) due to an incorrect mechanical model.

To prevent incorrect schematization, the LMM introduces the concept of “Regular
Mechanical System”. The concept contains several provisions.

Provision 1 “On schematization”.

The result of the initial schematization of the object ofmechanics is a regularmechan-
ical system (RMS) as a set ofmain parts (concentratedmasses) and inertialess devices
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(a)

(b)

Fig. 2.3 a Wrong clutch model (left) and its realization in software Dymola (right) and b results
of modeling: velocities (left) and torque (right)

Fig. 2.4 States of the RMS with a clutch: a slipping, b locked state, c the friction torque MF, d
change of sign in the difference of angular velocities ω of masses in a computational process

for their connection; direct connection of devices is prohibited; the masses can come
into contact; forces act only on masses.

This provision reflects the principle of regularity of the systems under consider-
ation. Other provisions concern the simulation of the process using a computer as a
discrete device. One of them is presented below.

Provision 2 “About changing the state of the contact”

In the process of dynamic calculation ofRMS,when conditions arise for the transition
to a new state of the contacting masses (for example, closing or opening of a clutch),
this state must be represented in the calculation at least one step of the computational
process (Fig. 2.4).

Construction of universal mathematical models

The next point of the concept is the construction of universal mathematical models
of quasi-static, kinematics and dynamics.
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The devices, which have the same mathematical structure and differ only in
parameters, can be schematized in a generalized (symbolic) form. Symbolical views
(constructs) for rotational systems (transmissionmechanisms) are depicted in Fig. 2.5
[17]. Symbolic rotational-and-translational constructs are given in [18].

To describe the structure and distribution of the internal torques in devices, a SDM
is introduced. Each mentioned device is presented at such a matrix in the form of a
column, as it is shown in Fig. 2.5. An example of schematization and a view of SDM
are presented in Fig. 2.6.

To calculate the internal load of devices with a variable structure (clutches, brakes,
system “wheel–bearing surface”) it is proposed to use the state indicators λ. Their
application allows one to obtain universal equations of motion for a dynamic system,
no depending on the state (blocking or sliding) of these elements using the method
of internal torques.

Fig. 2.5 Devices representation and distribution of internal torques among parts of devices (for
example, transmission mechanisms)

Fig. 2.6 Schematization of the MZKT-7922 transmission: a mechanical model, b equivalent
kinematic diagram, c dynamic scheme and d structural-distribution matrix
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The internal torque MC takes on the values of the frictional torque MF (when
slipping) or the torque M1, which holds the moving parts of the clutch/brake in a
locked state. The alternative action of these torques is determined by the value of λ,
which, depending on the process parameters. So the clutch or brake, can take on the
values λ = 1 (slipping) or λ = 0 (locked state). (The reverse designation of states
is also possible.) Using the λ indicator, the internal torque in a device with variable
structure is presented as MC = (1 − λ)M1 + λMF .

Example of dynamic computation

The rotational-and-translational dynamic scheme of a mobile machine (Fig. 2.7a)
has the rotational masses (inertial parts) with the moments of inertia Ji, elastic (Ei),
and damping (Ki) constructs, and translational machine massmA. The engine torque
ME acts on the rotational mass JE . Elements FK1(2) simulate the friction contact for
coupling wheels with the surface.

Subsystem “Wheels-machine mass” is presented by a multibody model of the
reasonable degree of complexity. It based on multibody mechanical model of a
driving wheel (Fig. 2.7b). The model is suitable to reproduce the modes of elastic
and non-elastic slipping of wheels.

The key components of the model are the ramifying joints “Jk−mk−mA” which
transform the wheel torqueMW to the force couple (FW =MW /r; r is a wheel radius)

(a)

(b) (c)

Fig. 2.7 aDynamic scheme of amachine unit with five friction elements F,bmultibodymechanical
model of a driving wheel and c simulation results of gear shifting
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actuating the masses mk and mA. The mass mk includes the part of wheel mass,
contacted with the surface, and the part of road surface mass “adhering” to the wheel
and moving with the tire by the non-elastic slipping. The element mk is connected
with the surface through the frictional contact FK and it can have the stationary or
skidding state. Its behavior is described by the all-purpose dynamic equations which
do not depend on the state of a contact [18]:

mk2v̇k2 = FW − RX

RX = (1 − λ)FX − λFϕ (2.1)

where v̇k2—derivative of velocity of mass mk2, FX—the force within the stationary
tire/surface contact; Fϕ = the friction force for the skidding wheel; λ—the indicator
of the contact mode determined during the solving of dynamic equations (λ = 0 by
stationary contact; λ = 1 by skidding). The force Fϕ is described either analytically
or via a plot depending on the parameters of wheel movement; the force FX is
defined through the common system of differential, algebraic and logical equations
of machine movement.

Friction clutches F1 and F2 are controlled by the hydraulic pressure. At the initial
point of time the clutch F1 is closed. The torque is transferred through the train
P1. The turn-off of the clutch F1 and the turn-on of the clutch F2 provide the gear
shifting. At the interaction of these gearbox clutches, the slipping of clutch FC and
elements FK1(2) can appear because of the high dynamic loads in the transmission
parts.

Simulation results (Fig. 2.7c) give the examples of the fluctuations in angular
velocities ωi for the rotational masses Ji and the oscillation in torque M in the part
ET .

Additional examples and features of quasi-static, kinematic and dynamic calcu-
lations are presented in [19–21].

Simulation of emergency situations and their solution

One of the directions of dynamic calculations is themodeling of fast-paced processes
in emergency situations. Within the framework of this direction, the concept
of complex functionality was developed, based on the possibilities of dynamic
interaction of various subsystems of the machine [22].

Complex functionality is the ability of a vehicle to perform a certain function
using the capabilities (reserves) of its various subsystems, including those that are not
focused on performing this function in normal situations. For example, the braking
function is usually realized due to the braking system, but in critical situations other
subsystems, for example, a trans-mission, can also be involved. In this case, addi-
tional, usually nonlinear effects can be used, which are manifested in the joint action
of subsystems.

As part of this concept, the Brake-Transmission Master Assistance (BTMA) has
been developed, which uses a transmission and braking system during emergency
braking [23]. This assistant is based on the transmission gears switching “down”,
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which allows unloading the basic brake system. Temperature heating, brake pressure
levels, hysteresis losses value are decreased. As a result, the higher brake efficiency
is secured. Offered BTMA is intended for the driver’s using in critical situations, it
also can be put into operation when the driver loses the control, for example, when
he falling asleep or loosing of consciousness and in other statuses qualified as critical
and demanding most effective job of a brake system.

The proposed method of emergency braking is protected by a Eurasian patent
[24].

2.3.2 Dependability Calculation of Technically Complicated
Items [25]

General procedure

The fundamental limitation of the known methods and software for predicting relia-
bility is their scope,which is based on approaches of structural reliability. The starting
point for such calculations is the data on the reliability of the elements included in the
system. This is not acceptable for mechanical elements, the lifetimes of which are
always individual. In addition, the lifetimes ofmechanical components are dependent
and correlated within the system in which they are located.

LMM uses the Multilevel Mechanics-Dependability Scheme (MMDS) to predict
reliability of mechanical and combine systems (Fig. 2.8).

TheMMDS has 6 levels in its standard form. In special cases, an arbitrary number
of levels can be used, as well as combinations with a different number of levels for
calculation according to different calculation chains.

The general procedure reproduces the probabilistic nature of the operating condi-
tions and the properties of components, as well as the effects of their dependent
behavior in the system. Monte Carlo simulation are used, in which local procedures
are embedded that provide dependent behavior of elements and schemes of limiting
states.

The lower physical levels (6, 5, and in some cases 4) reflect mechanical/physical
processes and rest are structural ones using SLSs.

The preliminary procedures are: (1) selection of the distributions of the character-
istics of the load carrying ability of the components (if their behavior is reproduced
from the lower physical levels, see Fig. 2.8, bottom left) or the failure characteristics
of the elements (when the behavior of individual components is reproduced from
the structural levels); (2) construction of LSCs (see Fig. 2.8, bottom middle); (3)
obtaining a spectrum of the RDOC (see Fig. 2.8, bottom right).

Features of predicting reliability

The calculation of the lifetime (operation life, service life) taking into account the
physical processes (physics of failures) leading to the limiting states of machine parts
is a key factor for combining the models of mechanics and the reliability theory. To
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Fig. 2.8 Multilevel “mechanics-dependability” scheme

perform lifetime calculation of any mechanical component, meaningful models are
needed to realize the way: {load-carrying ability & operating loads} → lifetime.

The strength calculation results of the various mechanical components take
different forms. The results can be presented in the form of operating and permissible
stresses, safety factors, gamma-percentage lifetimes, etc. (see ISO standards for the
calculation of gears, bearings, etc. [26, 27]). Such heterogeneous results cannot be:
(1) compared and (2) used in reliability calculations. Therefore, the first step is the
presentation of strength calculations according to the “Strength as lifetime” scheme,
when the result is the lifetime:

L = R/q (2.2)



2 Lifetime Mechanics of Machines as Cluster of Classical Mechanics … 39

where R—measure of load-carrying ability (resistance to load) of a component, q—
measure of damage per unity of operating time/life (damage extent for one km or
hour), which is determined by the load mode of the component.

The load modes for the calculation of different limiting states for the machine
parts can differ significantly. But all load modes are determined by the operation
conditions (OC). Therefore, the lifetime of each component can be calculated as
a result of modeling its loading under certain OC of the machine and their use to
determine the loading parameters in lifetime calculations. For a set of parameters
describing the OC and characteristics of the bearing capacity, it is advisable to form
the lifetime space in the form of “life-strength curves (LSC)”. This makes it possible
not to carry out laborious calculations anew during statistical modeling.

In addition, in this case, the principle of life-dependent behavior of the elements of
a loadedmechanical system is implemented, since the generated operation conditions
act as a common factor for all calculated elements.

OC are categorized by road type and load, including traffic situation and load.
The driving style can be assessed separately as Quiet, Active and Sporting (see, for
example, [19, 22]). As a result, the variation in operation conditions is described by
a probabilistic spectrum of the relative duration of operation conditions (RDOC).

OC vary from machine to machine. This inevitable variation (as a reflection of
uncertainty) should be taken into account at the design stage when predicting the
functional and life properties of machines. In the next stages, this uncertainty can be
significantly reducedwhen considering a specific exemplar (instance) of themachine.

Next specificity is using SLSs instead of known Reliability block diagrams (RBD)
and Fault trees from Fault Tree Analysis (FTA) to describe complex failures (limiting
states). SLSs are simpler and present usual multilevel structure of the machine from
top (first) level (machine) to any lower levels (2 = assemblies, … 6 = physical
models of elementary components) [21, 22]. This structure is added by description
of conditions for limiting states for the elements of higher and intermediate ranks.

An example of probabilistic modeling the lifetime of the system using the SLS

Modeling the lifetime failures of the driving axle (DA) by the method of Monte
Carlo simulation in the Excel environment is shown in Fig. 2.9. This is a fragment
of the simulation of life failures of the vehicle. The DA with identification number 9
(ID9) is represented by two limiting components: crankcase (ID12) and pinion gear
(ID13). The Y parameter describes the types of these constituent parts (CPs).

The SLS of DA has the form (1, 1). This means that its limiting state is reached
when the limiting state is reached simultaneously or sequentially by its CPs of the
first and second types.

(In the general case, the schematic record has the form (X1,X2, etc.), whichmeans
that the limiting state of the object occurs if the limiting states are reached with its
X1 parts of the first type (here X1 is the number standing in the first position), its
X2 parts of the second type (here X2 is the number standing in the second position),
etc. The object (unit, assembly, machine) can have some the SLS).

For the crankcase, the normal law (N) was adopted, and for the drive gear, the
lognormal law (LN) was adopted with an average value of 300 unities and Var =
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(a)

(b)

Fig. 2.9 a Two-level SLS of the drive axle (left) and histogram of its lifetime (right) and b statistical
modeling fragment

0.4165. Column A (Fig. 10b) shows the array of life obtained from the life of the CPs
that are generated in columns L and N. It can be seen that the choice of the DA life
in each test cycle goes according to the largest of the two values, which corresponds
to the given SLS (1, 1) and confirms the correctness of the calculation.

Fig. 2.10 VLC (left) and ELC (right)
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2.3.3 Functional Properties Calculation

Energy consumption and performance are the main functional properties of mobile
machines. The procedure for their assessment at the design stage in terms ofmodeling
is in many ways similar to the assessment of reliability properties. But instead of
LSC, LEC and VLC are used (Fig. 2.10) [28]. When constructing the LEC, energy
consumption is determined for electric vehicles, and fuel consumption is found for
vehicles with internal combustion engines.

One of the key problem is to determine the energy consumption of an electric
vehicle, taking into account its design parameters, charging configuration and route
features. This and other problemswere considered and solved in the PLATONproject
[29, 30].

The impacts on energy consumption of driving style, passenger loading, length of
segment “from-stop-to-stop”, rolling resistance, route obstacles/interferences have
been determined [31]. A fragment of the results of the experimental study is presented
in Table 2.1.

Analysis of the data on the operation and testing of electric buses shows that
the energy consumption even on one route has a significant variation. Finding and
taking the calculated (design) value is a problem. A radical probabilistic approach
was proposed in [33, 34] and then developed in [32]. This approach is based on two
provisions. Firstly, it is necessary to create a space of possible solutions in the form
of a distribution of an indicator that describes the property under study (for example,
energy consumption for the route cycle considered). Secondly, it is necessary to
introduce a stakeholder into the assessment procedure. This person must accept the

Table 2.1 Energy consumption versus driving style and gross bus weight (based on [32])

Gross
bus
weight
m, t

Route
length
L, km

Driving
style

Expended
energy S1,
Wh

Recovered
energy S2,
Wh

Energy
consumption
per km (S1 −
S2)/L, kWh/km

TCI =
Transport
costs
indicator =
(S1 −
S2)/(m·L),
kWh/(t·km)

Driver
factor
(for the
same
m)

12 9.58 Calm
(Light)

12,282 3860 0.88 73 1

12 9.58 Aggressive 14,377 5225 0.96 79 1.09

12 9.58 Super
aggressive

18,270 6686 1.21 101 1.38

18 9.18 Calm
(Light)

15,306 5150 1.11 61 1

18 9.58 Aggressive 18,431 7512 1.14 63 1.03

18 9.61 Super
aggressive

20,217 8168 1.25 70 1.13
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probability with which the choice of the calculated (design) indicator of energy
consumption is made.

In a frame of the PLATON project the PLATON Toolkit was developed [35]. One
of the tool is ECBus+ . This tool consists of ECBus v4.0 software and two procedures
implemented in an Excel environment.

The software ECBus v4.0 is designed to calculate the energy, fuel and environ-
mental performance of electric and diesel buses on the route. Even if the user does not
set the corresponding data for the electric or diesel bus, the calculation is performed
with the data specified in the program by default.

ECBus v 4.0 calculates the following basic parameters:

1. Energy consumption of the electric and diesel bus on the route (parameters are
in Fig. 2.11; graphs of energy changes are in Fig. 2.12, left); for diesel buses
additionally:

2. Fuel consumption (Fig. 2.11);
3. Pollutant emissions: ecology (Fig. 2.11).

The software also calculates some additional parameters: graph of changes in
traction force (Fig. 2.12, right), distributions of velocities and accelerations of the
bus (Fig. 2.13).

Fig. 2.11 Results of energy, fuel and ecology calculations

Fig. 2.12 Graphs of changes in energy (left) and tractive force (right)
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Fig. 2.13 Distributions of velocities (left) and accelerations (right) of the bus on the route

In addition to being posted on the PLANON project site [35], ECBus software
is registered with the National Center for Intellectual Property of the Republic of
Belarus [36].

The EC-Compare procedure is designed to calculate the energy consumption of
an electric bus on a route taking into account fuel consumption of a diesel bus similar
in weight. The result gives energy consumption by the electric bus under the same
conditions as of the diesel bus-analog. The EC-Compare procedure is implemented
in the Excel file: EC-Compare.xlsx.

The developed ECPro procedure provides the opportunity to select the calcu-
lated (design) energy consumption value of an electric bus on the route, taking into
account the probability accepted by the interested party, reflecting the risk of not
exceeding this value during operation. The ECPro procedure is implemented in the
Excel file: ECPro.xlsx.

2.3.4 Diagnostics

The main individual component of the load mode of any mechanical unit is the level
of its internal dynamic loading. Changes in this level are due to the peculiarities of
making the unit and the operation conditions. Components such as gears and bearings
are highly susceptible to changes in the internal dynamic loading of the transmission
units. The greatest damage to the couplings is associated with short-term transient
processes, which requires individual control over these processes.

A complex problem in the diagnosis of machines and their assemblies is deter-
mining loads on moving parts: gear wheels, bearings, couplings, etc. One approach
is tracking the reactions of these loads on stationary parts (housings), and using these
reactions for evaluating the loads of the moving components.

The feature of the developed diagnostic method is using conceptual modeling the
oscillating process for the gear drive and the propagation of vibrations in the trans-
mission [20, 21]. It is advisable to applicate together integral diagnostic models and
predictive ones based on damage accumulation. Such a “two-coordinate” approach
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Fig. 2.14 Processes in the MWR and its monitoring system (left) and values of RMS (right)

(from two points of view) ensures a higher veracity of the individual lifetime
forecasts.

An example of such an approach is presented below by diagnostics of a motor-
wheel reducer (MWR) of a mining dump truck. The main processes for the emer-
gence, transformation andprocessingof signals in theMWRand its diagnostic system
are shown in Fig. 2.14.

The system periodically interrogates the sensors, processes the diagnostic infor-
mation and evaluates the technical state of the reducer using root mean square (RMS)
of vibration acceleration as main integral diagnostic index. The system compares the
RMSwith themaximumallowable values for each of the reducer states and constantly
informs the driver using the corresponding light signal on the instrument panel in
the truck cab.

At the same time, lifetime forecasting is performed based on a predicative model.
The method of forecasting the lifetime includes the determination of the shock pulse
in a meshing according to the results of vibration monitoring. From these data, the
actual circumferential force and contact stresses in the meshing are calculated. It
is taken into account that a linear relationship exists between the amplitude of the
shock pulse and the peak value of the vibration acceleration. The growth of peak
values means an increase in the dynamic factor KHv, which is used in the calculation
of contact stresses σH .

Themeasure of fatigue damage to the gear is determined for each fixed i-th interval
of the running time by the formula:

�QHi = σ
wH
Hi Ni (2.3)
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where σHi—contact stress; wH—the exponent of the S–N (Stress σ–Number of
cycles N) curve under calculating the gear; Ni—the number of loading cycles of
the gear tooth.

2.3.5 Concept and Method for Assessment of TCI Lifetime
Expense [37]

The term “life consumption” for an individual component is self-explanatory, as is
its complementary term “residual life”. The assessment of the life state of a complex
object consisting of several components is ambiguous. In addition, some components
can be replaced or repaired. To eliminate this uncertainty, the term “lifetime expense”
for a TCI and a corresponding indicator are introduced. This indicator reflects the
life potential of the product as a whole, taking into account the indicators of its main
parts.

The lifetime expense KP of the main part is determined taking into account two
factors: mileage and time (age), and is calculated according to the formula:

KP = 1 − (1 − KL)(1 − KT ) (2.4)

where KL—lifetime expense by mileage (operating time); KT—lifetime expense by
time (age); KL relates to damage processes under loads during operation; KT relates
to damage processes under the influence of time (aging processes).

Usually, the processes that determineKL andKT canbe considered as independent.
Then KL can be interpreted as the probability of failure under the influence of loads
in the duty cycle, and KT as the probability of failure under the influence of time
(age). In this case, KP is the probability of failure of the main part of the TCI under
the combined action of loads and time (age) on the considered date.

The lifetime expense of the TCI is determined as follows:

KA = ξ1KP1 + ξ2KP2 + . . . + ξnKPn (2.5)

where KPi—lifetime expense of the ith main part of the TCI (presented as relative
value); ξi—the weight factor that determines the contribution of the main part to the
total lifetime expense of the TCI. It is proposed to consider ξi as the relative mass
of the ith main part (the fraction of this part mass in the total mass of n parts that
determine the TCI lifetime).

Figure 2.15 shows the graphs KL, KT , and KP of the main part for two typical
cases of using the item. In the second case, aging processes prevail. Table 2.2 presents
the calculation of the lifetime expense KA for a vehicle on duty and making small
runs. For such cases, traditional calculations based on operating time data are not
suitable.
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Fig. 2.15 Lifetime expense KP for linear law KL and exponential KT for the item with regular use
(left) and little use (right)

Table 2.2 Calculation of vehicle lifetime expense KA

Vehicle main part KL [%] KT [%] KP [%] m [kg] KPY [%] KA [%]

Frame 23.10 68.12 75.48 456 12.09 61.68

Engine (after overhaul) 6.17 31.95 43.39* 490 7.47

Gearbox (after overhaul) 6.70 32.86 44.83* 100 1.57

Transfer case (used) 27.70 47.96 62.38 120 2.63

Front axle 23.10 59.27 68.68 495 11.94

Middle axle 23.10 59.27 68.68 432 10.42

Rear axle (replacement) 7.80 42.31 46.81 432 7.10

Cabin 38.12 59.27 74.80 322 8.46

Notes * The KP of the main parts after overhaul increases by twenty percent in comparison with
those that are not repaired; KPY = KP (m/m0); m0 = �mi = 2847 kg

The calculation of TCI lifetime expense, taking into account themileage and time,
gives an estimate that corresponds to reality. This allows you to assess the individual
condition of the item during its life cycle, including periods of long downtime. In
such cases, conventional Digital Twins using sensor readings are meaningless.

The developed technique is implemented in the State standard of the Republic of
Belarus [37].

2.4 Conclusions

The developed architecture contains a number of new representations, models
and tools that must be used to assess the functional and life properties of technically
complicated items and it can be applied to the wide range of engineering objects.
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The lifetime expense model should be applied in PHM (Prognostics and Health
Management) of engineering systems and gives comprehensive individual assess-
ment of the life potential of an item during its operation under the combined action
of loads (mechanical, thermal, etc.) and time (age).

Basic meaningful representations of TCI (kinematic diagrams, set of dynamic
schemes for different types of dynamic calculations, schemes of limiting states, etc.)
appear in the development process and go through all stages of the item life cycle.
These components are complemented by TCI diagnostics and evaluation of lifetimes
expense and serve as accumulators of new knowledge and data on the item and
its operation conditions.

Lifetime Mechanics of Machines provides the interconnection of models from
various disciplines and methodologies, the creation of an information model as an
integrator of digital twin and digital thread.
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Chapter 3
Mechanism Applications in Robotics

Erwin-Christian Lovasz

Abstract The paper focuses on different applications of linkages and geared link-
ages in robotic applications. The applications show the use of geared linkages with
linear actuators in development of a knee prosthesis, an active elbow orthosis and as
legs for a planar parallel manipulator. The main characteristics of the geared linkage
with linear actuation are the large rotation angle with proper transmission angle and
the approximately linear transmission function in a large range.

Keywords Geared linkages · Knee prosthesis · Elbow orthosis · Exoskeleton ·
Planar parallel manipulators · Gripper · Axial centering precision

3.1 Introduction

Geared linkages is defined as a combination of a linkage and a gear mechanism [1].
The geared linkages with rotating input motion were studied by many researches,
considering two structure types of geared linkages: with parallel connected gear train
and with serial connected gear train (see Fig. 3.1a, b).

The first type of geared linkages with serial connected gear train were studied by
Reuleaux [2] for some applications as sewing, stamping, steering and straight-line
generator mechanisms. Freudenstein et al. in [3] studied the kinematical behaviour
of the coupler point. A numerical synthesis method of the geared five-bar linkage
for path and function generating tasks was proposed by Roth et al. in [4], respec-
tively by Oleksa et al. in [5]. Mundo et al. in [6, 7] studied the geared linkages
with serial connected gear train in the frame by using non-circular gear train. Later,
Parlaktas et al. in [8] developed a novel analysis method based on the relationships
of transmission angle.

The second type of geared linkageswith parallel connected gear trainwere studied
by Neumann [9] as step mechanisms with non-uniform continuous motion with high
transmission ratio, with high swing angle [10], respectively with instantaneous dwell
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Fig. 3.1 a Geared linkages
with serial and b parallel
connected gear train

(a) (b)

or pilgrim step [11, 12] and Hain [13]. Horani [14] and Rankers [15] developed
analysis and synthesis methods for geared linkages with oscillating motion.

The kinematical characteristics of this type of geared linkages recommend it
for generating a large oscillating motion (e.g. windscreen wiper transmissions) or
pilgrim-step motions [16, 17]. In order to obtain a dwell or a constant transmission
ratio within a range, the higher derivatives of the transmission function have to be
zero. Modler et al. in [18] shows that such transmission functions can be generated
with five-links geared linkages and a non-circular gear pair (Fig. 3.2).

Litvin in [19, 20] presented the non-circular gears generation employing the
enveloping method, using tools similar to the circular gears generation. This method
fulfils the rolling condition without sliding. The proposed non-circular gears applica-
tions would be: reducing torque and speed fluctuations in rotating shaft by Dooner in
[21]; actively balancing shaking moments and torque fluctuations in planar linkages
by Kochev in [22] and Yao et al. in [23]; maximising the human output during low
speed pedalling on the power drive mechanism for the high performance bicycle
by planetary gear train by Mundo in [24] or by band or tape drives by Freuden-
stein et al. in [25]; steering mechanism by Emura in [26]; modulation of the blood
flow in external circulations machines—generating a function with quick forward

Fig. 3.2 Geared linkage
with non-circular gear pair
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stroke corresponding to the systolic phase and slow return stroke corresponding
to the diastolic phase—through a slider-crank linkage driven by non-circular gears
by Ottaviano et al. in [27, 28]; kinematic optimization of ball-screw transmissions
in order to reduce the peak acceleration of the screw—through a serial connected
non-circular gear with a ball-screw transmission by Khatait et al. in [29].

3.2 Geared Linkages with Linear Actuation

About the geared linkages with parallel connected geared train and linear actuation
there are a few theoretical and experimental researches.Gnasa in [30] and [31] studied
linkages and more link geared linkages with linear hydraulic actuation to be used as
acting mechanism between the manipulator links. In [32–34] Lovasz et al. presented
a unitary developed type synthesis, kinematic analysis and dimensional synthesis
methods for the geared linkages with linear actuation.

3.2.1 Type Synthesis of Geared Linkages with Linear
Actuation

The type synthesis pursues to find out the possible kinematic chains and the mecha-
nism structures of the geared linkages with linear actuator. The basic equation for a
mechanism with a constrained motion, according to Alt, is:

2 · (e1 + e2/2) − 3 · n + 3 + F = 0 (3.1)

where: e1 is the number of kinematic pairs with DoF = 1, e2—the number of kine-
matic pairs with DoF = 2, n—the number of links and M—the degree of freedom
of the mechanism DoF.

In the case of geared linkages the mechanism contains at least one kinematic pair
with DoF = 2, i.e. e2 = 1. Considering the mechanism degree of freedom M = 1,
from the Eq. (3.1) follows the correlation between n and e1, in the form:

n = (2 · e1 + 5)/3 e1 = 2 + 3 · k (k = 0, 1, ...) (3.2)

The solution for the geared linkages chain with minimal structure is e1 = n = 5.
The chain contains at least a prismatic kinematic pair, which is the drive kinematic
pair. The number of closed loops for the planar kinematic chain is to be computed
with the relationship:
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N =
2∑

i=1

ei − n + 1 (3.3)

The number of contours for the geared linkages with linear displacement actuator
is N = 2, where the degree of freedom Mj > 0 for each loop must be positive. The
numbers of the elements of different ranks satisfy the diophantine equations system:

n = n2 + n3 + n4 + n5

2 ·
2∑

i=1

ei = 2 · n2 + 3 · n3 + 4 · n4 + 5 · n5 (3.4)

The elements n4 and n5 are useless, so that the equations system (3.4) has the
solutions n2 = 3 and n3 = 2. By a systematic development of all possible kinematic
chains results a number of 11 possible chains, but only 6 kinematic chains fulfil the
conditions Mj > 0 and the gear contact condition Using the Reuleaux method to
develop the 6 kinematic chains and the criteria:

– the drive is of slider type,
– the mechanism should not consist of basical mechanisms in serial order, and
– all the links must be included in the motion transmission,

then 4 structure of geared linkages mechanisms remain to be considered. These
will be classified and noted as:

– Planetary geared linkages, type Asi (Fig. 3.3), and
– Cycloidal geared linkages, type Zsi (Fig. 3.3).

Fig. 3.3 Planetary geared linkages of type Asi and cycloidal geared linkages of type Zsi
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3.2.2 Kinematic-Positional Analysis of the Geared Linkages
with Linear Actuation

The kinematic analysis of planetary geared linkage with linear actuator considers the
mechanism consisting of two basic structures: a 4-bar linkage and a planetary gear
train (Fig. 3.4).

The transmission functions φ(s) and ψ(s) of the 4-bar linkage depend on the
input parameter, the stoke s, and it can be determined by considering the closure
loop vector equation as follow:

– for geared linkage with inverted slider-crank as base structure (Fig. 3.3 As1)

ϕ(s) = 2 · arctan
(
(B1(s) ±

√
A1(s)2 + B1(s)2 − C1(s)2)/(A1(s) − C1(s))

)

(3.5)

with:

A1(s) = 2 · l1 · eS, B1(s) = 2 · l1 · (s0 + s), C1(s) = −l21 − e2S − (s0 + s)2 + l24
(3.6)

and:

ψ(s) = arccos
(
(e2S + (s0 + s) − l21 − l24)/2l1l4

)
(3.7)

– for geared linkage with slider-crank as base structure (Fig. 3.3 As2)

ϕ(s) = 2 · arctan
(
(B2(s) ±

√
A2(s)2 + B2(s)2 − C2(s)2)/(A2(s) − C2(s))

)

(3.8)

with:

Fig. 3.4 Kinematic analysis of the geared linkage with linear actuation
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A2(s) = 2 · l3 · (s0 + s), B2(s) = −2 · l3 · eS, C2(s) = e2S + (s0 + s)2 + l23 − l24
(3.9)

and:

ψ(s) = arcsin((l3 sin ϕ − eS)/ l4) (3.10)

The transmission function of the geared linkage is obtained in the form:

χ(s) = (1 − ρ) · ψ(s) + ρ · ϕ(s) (3.11)

where: χ(s) is the output parameter—transmission function of the geared linkage,
ρ = ±r3/r4—gear ratio and φ(s), ψ(s)—transmission functions of the 4-bar
linkage.

The first order transmission function χ ′(s) and the second order transmission
function χ ′′(s) can be computed in the form:

χ ′(s) = (1 − ρ) · ψ ′(s) + ρ · ϕ′(s) (3.12)

χ ′′(s) = (1 − ρ) · ψ ′′(s) + ρ · ϕ′′(s) (3.13)

3.2.3 Quality Parameters of the Geared Linkages with Linear
Actuation

The geared linkages with linear displacement actuator reproduce an approximately
linear dependence between the input and output movement for a very large swivel
angle range, i.e. an approximate constant first order transmission function or
transmission ratio.

To assess the approximately linear dependence between the input and output
parameters is recommended to study the behaviour of the first order transmission
function of the geared linkages. For this purpose should be defined the parameters
(Fig. 3.5):

dwell length: hd (3.14)

relative dwell length: Rd = hd
h
100% (3.15)

dwell clearance : �χ ′
d (3.16)
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Fig. 3.5 Dwell quality
parameters

relative dwell deviation: Rdd = �χ ′
d

χ ′
T

100% (3.17)

where: h is the stroke of the linear actuator, χ ′
F—the maximum value of the first

order transmission function.

3.2.4 Optimum Synthesis of the Geared Linkages with Linear
Actuation

This function described above is a flat-point function (Fig. 3.5). The mathematical
conditions to become a flat-point function are:

χ ′′ = 0, χ ′′′ = 0, χ ′ ′′′ = 0 (3.18)

The conditions (3.18) lead to an equations system, which cannot be solved with
analytical methods. An alternative method to realize the dimensional synthesis of
the geared linkages using the condition (3.18) is provided by the optimum synthesis.

The input parameters for the optimum synthesis problem are the desired function
χ ′
desire, the selected structure of the geared linkage (Fig. 3.3), the given stroke h

and the gear ratio ρ. The first order transmission function will be determined for
the selected structure of geared linkage χ ′(s). As vector of the variable will be
considered:

x = (λ2, λ3, λ4)
T (3.19)

where the normalised variables are:
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λ2 = l2/ l3, λ3 = l3/ l1, λ4 = l4/ l1 (3.20)

The desired first order transmission function the geared linkage mechanism with
linear actuator will be chosen as constant, which means a constant ratio:

χ ′
desire = χmax

h
= ct. (3.21)

where: χmax is the maximal swivel angle of output gear.
The target function defined as the deviation between the first order transmission

function and the desired first order transmission function is to be minimized, in order
to realize a motion with approximately constant ratio. The target function is:

F(x) =
sH / l1∫

o

∣∣χ ′(s, λ2, λ3, λ4) − χmax/h
∣∣ds := Min! (3.22)

The restrictions are given as geometrical boundary and transmission angle of the
base mechanism condition:

gk(x) = gk(λ2, λ3, λ4) ≥ bk (3.23)

The start values of the variables vector:

x(0) =
(
λ

(0)
2 , λ

(0)
3 , λ

(0)
4

)T
(3.24)

will be conveniently chosen. Generally, the local optimum values give the optimum
values for the links length.

3.3 Applications of the Geared Linkages with Linear
Actuation in Medical Robotics

3.3.1 Active Knee Prosthesis with Geared Linkage
with Linear Actuation

The development in the field of knee prostheses pursues a biological static and
dynamic behaviour of the lower human limb, a uniform distribution of the body
weight both on the prosthetic limb and the healthy limb, ensuring thewalking stability
and identical movement for both limbs. All these requirements improve the life
quality and thework capacity of the amputees. In order to insure thewalking stability,
usually a large series ofmechanical, pneumatic and hydraulic solutions is used for the
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knee prosthesis. These prostheses are designed either as passive or active systems.
The mechanical solutions can use a simple joint or an expensive kinematic joint with
dampening system or polycentric (physiological) hinge [35].

The human knee joint allows a rotation motion with an angle of 130°. Usually, the
active prostheses with 1 DOF uses an inverted slider-crank or a slider crank. Such
mechanisms provide a non-linear transmission function and allow a limited rotation
angle between the thigh and the shank.

The disadvantages of the inverted slider-crank can be avoided by using a geared
linkage with a linear actuation. The geared linkage contains an inverted slider-crank
as basic structure connected in parallel with a gear train.

In order to obtain an approximately constant transmission ratio for a large rota-
tion angle, an optimization synthesis was previously recommended. The imposed
parameters for the optimization problem are given in the Table 3.1.

Through the optimization synthesis results one local minimum value for the non-
dimensional links lengths from the contour line diagram for λ2 = 0 and λ4 = 0.9.
Thus, the links lengths are l2 = 0 mm and l4 = 36 mm for the frame length of l1 =
400 mm. This mechanism allows a maximum rotation angle of χ◦

max
∼= 144◦ for a

start position s0 = 364 mm and a stroke h = 36 mm. The rotation angle is limited
to 120° (Fig. 3.6) with the displacements s1 = 0.5 mm and s2 = 32 mm, which
means that for the knee-joint, the start position and the stroke are s0 = 364.5 mm
and h = 396 mm, respectively.

The developed CAD model of the proposed geared linkage with the assembly of
the actuator used for a knee prosthesis is shown in Fig. 3.7a, b [36, 37]. A double
acting cylinder was chosen to drive the prosthesis in order to fulfill the requirement
of stability in stepping.

Table 3.1 Input parameters
for the optimal synthesis

Nr Parameter Value

1 Gear ratio ρ = 0.62

2 Minimum transmission angle μmin = 10°

3 Maximum unitary stroke h/l1 = 0.08

(a) (b) (c)

Fig. 3.6 Transmission function (a) instantaneous transmission ratio (b) and transmission angle
(c) of the geared linkage with inverted slider-crank used for the knee joint
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(a) (b)

Fig. 3.7 CAD model of the knee joint prosthesis

Fig. 3.8 Active knee
prosthesis demonstrative
model

Themanufactured active prosthesis as a demonstrativemodel (Fig. 3.8)was devel-
oped with myoelectric sensors for controlling the valves and monitoring the velocity
of the parts on different loads. In order to mimic the human gait in the best way it is
necessary to control the braking action based on adjustment of throttles.

3.3.2 Active Elbow Orthosis with Geared Linkage
with Linear Actuation

The rehabilitation device, called orthosis, can be evaluated in terms of medical effi-
ciency, portability, real-time abilities, versatility, weight, cost, safety and others [38].
The elbow orthoses are very different according to its passive/active/haptic character
and main task.
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Table 3.2 Geometrical parameters of the geared linkage with linear actuation

Nr Parameter Dimension Nr Parameter Parameters

1 Frame length l1 = 212 mm 4 Gear ratio ρ = 1.3

2 Crank length l4 = 34.5 mm 5 Stroke s = 56.5 mm

3 Initial stroke s0 = 177.5 mm 6 Minimum transmission angle μmin = 50°

The elbow joint is composed of three joints (humeroulnar, humeroradial and
proximal radioulnar) connected inside the same single articular capsule that defines a
single articular cavity. From kinematical point of view the elbow joint ensures 1 DoF,
the flexion–extension of the forearm with a maximum swing angle of 150°–160°.

By developing an active elbow orthosis for rehabilitation of the upper limb
mobility with a large swing angle, the geared linkage with linear actuation is suit-
able. Thismechanism reproduces an approximately linear transmission function for a
large rotation angle [34], shows a very compact design and a singularity free extended
position of the forearm. The geometical parameters of the geared linkage used for
actuating the orthosis are shown in the Table 3.2 [39].

In order to have a better approximated linear transmission function, which is
useful for the control of the motion, is to be satisfied the condition in the flat domain:

χ ′(s1) = χ ′(s2) (3.25)

which sets the initial stroke to s0 = 195 mm and the stroke to s = 38.5 mm (s1 =
17.5 mm and s2 = 56 mm). With this condition, the angular displacement of the
forearm is limited to about χmax = 120° (Fig. 3.9).

The computed geared linkagewith linear actuationwasCADmodeled inProEngi-
neer (Creo 5) together with the design of a commercial passive orthosis. Figure 3.10
provides a general view of the orthosis.

(a) (b)

Fig. 3.9 a Transmission functions 0-ord and b 1-ord of the geared linkage
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Fig. 3.10 General view of
the elbow orthosis—CAD
model

Fig. 3.11 Experimental
prototype of the elbow
orthosis

The practical achievement of the orthosis is illustrated in Fig. 3.11. The control
of the linear actuator is achieved by using a microcontroller board, a H-bridge for
reversing the motion of the actuator, a myosensor type Myo Ware for detecting the
myoelectrical activity of the muscles and an infrared sensor to limit the stroke of the
linear actuator in order to avoid the collision with other parts of the orthosis.

3.4 Applications of the Geared Linkages with Linear
Actuation as Legs for Planar Parallel Manipulator

Parallel manipulators due to their major advantages became a stand-alone branch of
robotics science. There is a large number of possible architectures, which inspired
approaches in generalization or classification by Gogu [40], Hernandez et al. [41],
who proposed and analyzed structures in different works, aiming to increase or
optimize characteristics such as workspace, precision, dexterity and others. Merlet
in [42] presents the problems of parallel robots regarding the structural synthesis, the
direct and inverse kinematic analysis, singularities, workspace, static and dynamic
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analysis, calibration and design. Figures 3.12 and 3.13 show the development of
the specific class of planar parallel manipulators using geared linkages with linear
actuation as kinematic chain [43–45].

The simplified computingmodel (Fig. 3.14) considers theChasles vector equation.
The matrix equation for solving the forward and inverse kinematics of the planar
parallel manipulator 3-R(RPRGR)RR are:

Fig. 3.12 Kinematic schema
of the planar parallel
manipulator
3-R(RPRGR)RR [43] using
geared inverted slider crank
with linear actuation

Fig. 3.13 Kinematic schema
of the planar parallel
manipulator 3-R(PPRGR)RR
[46] using geared slider
crank with linear actuation
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Fig. 3.14 Simplified
computing model for the
kinematic analysis
3-R(RPRGR)RR [43]

[
xM
yM

]
=

[
xAi

yAi

]
+

[
l1 cos θ1i (si ) + l2 cos θ2i (χi (si ))
l1 sin θ1i (si ) + l2 sin θ2i (χi (si ))

]

−
[
x (3)
Ci

cosα − y(3)
Ci

sin α

x (3)
Ci

sin α + y(3)
Ci

cosα

]
, i = 1,3 (3.26)

[
l1 cos θ1i (si ) + l2 cos θ2i (χi (si ))
l1 sin θ1i (si ) + l2 sin θ2i (χi (si ))

]
=

[
xAi

yAi

]
+

[
x (3)
Ci

cosα − y(3)
Ci

sin α

x (3)
Ci

sin α + y(3)
Ci

cosα

]

−
[
xM
yM

]
, i = 1,3 (3.27)

The most important advantage of the geared linkage with linear actuation used
as leg of a planar parallel manipulator consists in avoiding the singularities of first
type.

This property is shown in Fig. 3.15 with the numerical example given in Table
3.3 (based on the notations in Fig. 3.12).

The absence of zero values for the partial derivatives of each parallel connected
actuating kinematic chain (Fig. 3.14) confirms that the 3-R(RPRGR)RR structure
avoids the singularities of first type in the workspace.

A proposed design of the planar parallel manipulator 3-R(RPRGR)RR and a view
of the kinematic chain using parallel connected geared linkage with inverted slider
crank basic structure and linear actuation are shown in Fig. 3.16a, b.
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Fig. 3.15 Analysis of the singularities of first type for the planar 3-R(RPRGR)RR manipulator

Table 3.3 Geometrical
parameters of the planar
3-R(RPRGR)RR manipulator

Frame
platform
length (0)

l0 = 120 mm Carrier length
(6)

l6 = 10 mm

Mobile
platform
length (3)

l3 = 25 mm Gear ratio ρ = 1.5

Chain link
length
(1,1′,1′′)

l1 = 50 mm Initial stroke s0 = 42.5 mm

Chain link
length
(2,2′,2′′)

l2 = 50 mm Stroke h = 15 mm

(a) (b)

Fig. 3.16 a Design of the planar parallel manipulator 3-R(RPRGR)RR and b one kinematic chain
with geared linkage and linear actuation
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3.5 Conclusion

The kinematic analysis of the geared linkages with linear displacement actuator of
first type shows the capability to perform a very large oscillating angle with approxi-
mately constant ratio, a favorable transmission angle of the basic structure in a defined
motion range of the input element, small weight at simple and sturdy construc-
tion. The approximately linear transmission function permits an easier control of the
movement within the considered range.

The proposed optimum synthesis method allows the computation of an optimal
links length for the geared linkages taking into account the constructive and kinematic
constrains.

The behavior of the geared linkages recommends this class of mechanisms to be
used in mechanic and mechatronic applications with large oscillating angle.

The proposed drive mechanism with geared linkage is an original solution for
the knee prosthesis and orthosis, which were designed and manufactured in the
laboratories of the Politehnica University of Timisoara. The prosthesis implements
a geared linkage in order to mimic the movement of the human knee during the
flexure/extension and to improve the similar design solutions using inverted slider
crank or slider crank as drivingmechanism for the knee joint movement. The optimal
dimensioning of the links was performed on the criterion of getting natural values
of movement extension.

The analysis of the singularities of the manipulator shows that the geared linkages
with linear actuation allow the avoiding of singularities of the first type by choosing
of optimal initial stroke and working stroke.

Acknowledgements Thisworkwas developed at thePolitehincaUniversity ofTimişoara atDepart-
ment of Mechatronics through several PhD thesis, master and bachelor theses, respectively by the
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Chapter 4
Robotics as Assistive Technology
for Treatment of Children
with Developmental Disorders—Example
of Robot MARKO

Branislav Borovac, Mirko Raković, Milutin Nikolić, Vlado Delić,
Sr -dan Savić, Marko Penčić, and Dragiša Mišković

Abstract In this paperwe present the development of a robot designed as an assistive
technology in therapy of children suffering from developmental disorders, tested on
example of cerebral palsy. To achieve desired results the therapy should start as
early as possible and it should be as intensive as possible. However, the therapeutic
exercises are tiresome, boring and sometimes painful for children, and therefore
the children are usually not motivated to undergo such therapy. This problem is
particularly hard if patients are very young children. The earlier a treatment begins
and the more intensive it is, the results are better. The anticipated benefit of such
robot is to support the therapist efforts to conduct specific therapeutic exercises by
establishing affective attachment of the child to the robot. Our aim was to develop
robot to motivate the children to perform the therapist’s instructions, and to perform
more exercises than they usually do.

Keywords Cerebral palsy · Three-party therapy · Human-robot interaction ·
Affective attachment ·Motivation of patient

4.1 Introduction

Developmental disorders primarily refer to conditions of abnormal gross and fine
motor functioning and organization that occurred early in human childhood. Up to
the age of 8, the brain development is intensive, and has abilities to reroute signals
affected by an initial trauma. Therefore, the therapy should start as early as possible
and it should be as intensive as possible. Nevertheless, the therapy practicing may
also be tiresome, uncomfortable or even painful for children, and they often try to
avoid it. In addition, it is not easy to explain the importance of therapeutic practice to
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children, and therefore it is essential that they are additionally motivated to undergo
the therapy.

Recent research in the field of robot-assisted therapy for children suggests that a
robotic system may increase motivation and trigger social interactions between the
children and the therapist [1–4]. The approach reported in this paper supports these
findings.

This paper reports our work [5] on prototypical robotic system intended to be used
as an assistive tool (basically as a motivator) in therapy for children with cerebral
palsy. A therapeutic scenario includes speech-based interaction between the child,
the therapist and the robotic system. The anticipated benefit of such robot is to support
the therapist efforts to conduct specific therapeutic exercises by establishing affective
attachment of the child to the robot. We are convinced that if such an attachment
is established, the child will be more motivated to accept and perform the robot
instructions. We developed robot for the habilitation of gross motor functions and
acquiring spatial relationships. The role of the robot was to motivate the children to
perform the therapist’s instructions, and to perform more exercises than they usually
do.

The question that instantly arises is: what are the basic requirements that a robot
must fulfill to achieve this. We believe that the requests are following:

– A robot must be of appealing appearance to children (i.e. children should like it),
– A robot must be able to attract and preserve the child’s attention. To achieve this,

the robot’s ability to engage in verbal and non-verbal communication is extremely
important. Thus, a robot should be of such a capacity to be engaged in a natural
language dialogue, and must be able to perform, to certain extent, non-verbal
actions,

– A robot must be able to demonstrate therapeutic exercises, which implies that its
structure should include, at least, arms and legs.

Therapy (the child, the therapist and the robotic system are participating) may
follow one of the following scenarios. In the first scenario, the therapist verbally
instructs the child to perform exercise, for example, to perform gross motor move-
ment. If the child does not understand what have to be done, the therapist asks the
robot to perform the requested exercise. When robot perform exercise the therapists
asks the child to repeat the movements of the robot. In addition, the robot encourages
the child with appropriate verbal comments. In the second scenario the entire therapy
is led by robot. The therapist is just supervisor, while the robot instructs the child to
perform exercises, encourages the child, etc. It is important to underline that thera-
pist is present in both scenarios, supervising therapy and having the control over the
robot (e.g., the therapist can override or switch-off the robot at any given moment).
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4.2 Robot Design

First question we should answer was overall structure of the robot (sketched in
Fig. 4.1a). Robot should hear what humans (patient or therapist) are speaking. Then
it should understand what has been said (comment or instruction i.e. command) and
decide what response should be—answer or action. If it is expected that robot needs
to say something, an reply should be composed and spoken (answering a question,
encouraging the patient to try again to do exercise or to praise the patient for a
well-done exercise). If demonstration of exercise is required appropriate exercise
should be performed. It is clear that robot must have system for speech recognition
and synthesis and sort of cognitive system. Also, active vision system should not be
avoided. We decided that during therapy contact between robot and patient should
not be allowed. Thus, robot should monitor where patient is and, for security reason,
should stop any movement if patient is too close.

Based in such considerations our first guideline in the robot development was
our understanding that robot must be able to demonstrate exercises by hands and
legs. It is clear that our first decision was that robot should be of anthropomorphic
structure i.e. to have arms and legs, to be able to demonstrate exercises. However, it
was also very clear that we couldn’t build a replica of human that normally stays “on
his feet” and performs exercises. Our decision was to place the robot on a special
support (cart), such that the arms and legs remain free for exercise demonstration.
Two artists from our team designed alternative solutions. Finally, we decided that the
robot is sitting on a horse-like cart (as sketched in Fig. 4.1b) by styrofoam model.

The movements expected to be performed by arms are more complex than those
performed by legs. The robot’s arm should have mobility close to the mobility of
human arm, so we designed a robotic arm having 7 DOFs. The movements of legs
required for exercise demonstration (and not forwalking) aremuch simpler, including
just hip abduction and adduction, knee bending, and foot swinging in ankle (4DOFs).
It is important to emphasize that this robot is not designed to walk, but is placed on
a platform, enabling it to demonstrate most of the expected therapeutic exercises.

Fig. 4.1 Requirements for robot structure
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Fig. 4.2 a The actual robot’s head mimicking the facial emotions; b eyes mechanical design

The next important question to be answered was about robot overall appearance.
The general requirement we imposed was that children should like it. The psycholo-
gists from our team conducted a testing of healthy children in a kinder-garden with
respect how they perceive a set of images of different robotic designs. The findings
[5, 6] were that children prefer robots of a round shape (fatty than slim appearance)
and of blue color. We included these finding in the final design of the robot.

Another important decision was related to the robotic head. This decision was
important from two aspects: it contributes to the robot’s general appearance, and it
is able to express emotions. At one hand, we considered the option that the head
(and particularly the face) should be as close as possible to a face of a human, and
wondering about should it have male or female appearance. On the other hand, the
alternative option was to adopt a non-human appearance of the head, and we were
considering whether it should resemble an alien-like, animal-like, or something else.
Based on the testing conducted on children in a kinder-garden, the psychologists’
professional opinion and the experience of medical doctors, we decided to adopt a
monkey-like face, appropriately designed and with no visible gender characteristics.
The robotic head is shown in Fig. 4.2a).

To achieve a high degree of facial expressiveness (for example, proper lips motion
during speech, or for mimicking emotional facial expressions) the basic prerequisite
is its flexibility However, a particular problem for the design of the robotic face was
the requirement imposed by doctors that all exterior surfaces of the robot can be
easily disinfected (for example, by sweeping with cotton and alcohol). Therefore,
we decided that the robot’s face is of hard construction. This eliminated the option
of flexible lips (we intend to replace lips movements during speaking by flickering
light used for internal mouth illumination) and reduced significantly the capability
of the face to express different emotions.
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To compensate for this, we decided to make an additional effort to design vivid
eyes [7], with motion capabilities as close as possible to those of humans. In addi-
tion, the robot is able to detect and track1 the interlocutor’s head, which makes
the impression that it establishes eye-contact with the interlocutor (i.e. the robot is
addressing the interlocutor or paying attention to him). To achieve this functionality,
we integrated cameras in the robot’s eyeballs. Besides the establishing eye-contact,
the functionality of the robot’s eyes significantly contributes to the robot’s capa-
bility of mimicking emotional expressions. (please see Fig. 4.2a, c for an example of
mimicking the emotion of surprise). As additional possibilities to reinforce emotional
expressions, we intend also to engage the eyebrows, the internal lighting of the trans-
parent ears (an illustration can also be seen in Fig. 4.2a) and the transparent oval at the
robot stomach. The eyebrows were already implemented, but we are still not satisfied
with their effect and try to improve them. The internal lighting of transparent oval at
the robot stomach is still not implemented.

A particularly interesting question relates to the design of an appropriate cognitive
system. We developed a initial dialogue system based on the focus tree model [8, 9]
that enables the robot to autonomously engage in verbal interaction. An important
feature of this system is that it does not request the user to follow a preset system’s
grammar when speaking. Instead, the user can spontaneously generate his dialogue.

Also, a special dialogue strategy was designed and implemented for the purpose
of therapeutic interaction [10, 11]. However, although the robot may autonomously
engage in interaction, in experimental robot-child interactions, the robot is controlled
by a trained human operator, due to the sensitivity of the target group of children,
and difficulties in the pronunciation of some patients.2

4.3 Experimental Use of Robot in Therapy

The use of the robot MARKO in therapy was experimentally assessed in a realistic
therapeutic context. The experiments took place in the kinesitherapeutic room at the
Clinic of Paediatric Rehabilitation in Novi Sad, Serbia (see Fig. 4.3).

Two different kinds of sessions were organized. First type of session was aimed
to confirm children’s acceptance of robot. Session consisted of three parts. In the
first part, the robot tries to engage the child in verbal interaction. In the second
part, the robot verbally presents a simple situational context, and tries to motivate

1 The robot follows the interlocutor only with eye movements while the neck does not move and
the head is immobile. To achieve more natural appearance of the robot we should divide needed
movement between eyes and neck. However, this has not been realized yet.
2 We have learned that dialogue is much more complex issue than we initially expected. First
problem we faced was that children asked robot unexpected and unusual questions (like, Marko,
what’s new?). Also, they consider it normal for the current session to continue on the previous one
and expect the robot to remember their previous conversation. This is a new requirement that should
be considered when creating a cognitive system.
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Fig. 4.3 Robot Marko in the
kinesitherapeutic room at the
Clinic of Pediatric
Rehabilitation in Novi Sad,
Serbia

the child to perform nonverbal actions. In the third part, the robot performs therapy-
relevant nonverbal acts, and appropriately asks the child to reproduce them. In second
experiment, the robot led (in the presence of a therapist) a complete session and
therapist just supervise it. All experimental sessions were recorded by two cameras.

The preliminary results are promising: the positive motivation was observed in
all subjects. Some details on these experiments are available in [12].

4.4 Conclusion

On the basis of the conducted experiments, we can conclude that, in general, the
patients accepted the robot well. It should be underlined that some of them developed
extremely strong emotional attachment, which was also validated by the therapists.
We also have noticed that positive effects are particularly visible if cognitive functions
of the patient are preserved to a larger extent. However, the therapists observed that
even patients having disabilities of a large extent showed an increased interest to
interact with the robot. However, this issue requires additional research and testing.

However, the kind and severity of disability, and the communication and intellec-
tual capabilities may vary significantly among patients. In order to tailor the therapy
specifically for each of them, a therapist should be able adjust the system according to
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the needs of a each particular patient by themselves i.e. without help of a programmer.
An insight into this aspect of research is given in [8].

It is also particularly interesting that the patients often remembered what they
were talking about with the robot during previous sessions, and expected that robot
remembered this as well. Thus, the history of previous interaction has to be taken
into account as an important part of current session.

Our opinion is that the therapist MUST be present and supervise all therapeutic
sessions, at least to ensure the safety, to validate the children performance, and to
perform on-linemodification of therapy due to the actual patient condition. However,
we believe that a robot can still play an important role in therapy, particularly related
to the motivation of children.

Thus, we can conclude that there is an obvious potential of the robot used as
assistive technology to contribute to the therapy of children with disabilities.
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Chapter 5
Development of Terminology
for Gearing: IFToMM Notions,
Reference-Dictionary Book, Tooth
Failure Modes

Victor E. Starzhinsky

Abstract The problems of developing terminology in gearing and transmissions
are considered in the paper. A wide range of informative sources (international and
national standards, reference books, dictionaries on mechanics, mechanical engi-
neering, theory of mechanisms and machines, international translators, collectors of
recommended terms et al.) is studied to state and analyzed. The following approaches
in this field are presented: (a) becoming and developing terminology in the frame
of IFToMM Permanent Commission “Standardization of Terminology on TMM”
(PC A) activity; (b) compilation of reference dictionary book on gearing; (c) iden-
tification, classification and description of gear failure modes in the scope of devel-
oping interstate (for CiS-countries) standard on forms of gear failures. The paper
describes the mechanism of preparation, correction, systematic update and editing
of terminology texts by language editors. Process of evolutionary development of
terminology by IFToMM PC A is analyzed—from the constitution of the IFToMM
PCA in 1969 till the present timewith accent to development of gearing terminology.
Information about development and using of IFToMM electronic dictionary is given.

Keywords Gears · IFToMM terminology · Identification · Classification ·
Electronic dictionary · Reference-dictionary book · Gear failure modes

5.1 Introduction

In the paper the experience of author’s participation in development of terminology
for gearing is presented. The following directions are considered. Development of
terminology for gearing in the frame of IFToMMPermanent Commission “Standard-
ization of Terminology for MMS” (PC A) activity. Gathering information on gears
from different sources and compiling it’s in the vocabulary interpreting terms and
notions. Identification of gear failure modes and elaboration of interstate standard
with its description and classification. These directions are elaborated by corporate
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authors, whose names somebody can find in the references. Aforementioned direc-
tions are founded at analysis, summation and systematizing of terms, notions and
definitions from the numerous engineering, reference and normative sources, listed
below:

– International standards ISO, IEC.
– National standards: German—DIN, USA—AGMA, French—NF, British—BS,

USSR—GOST, Bulgarian—BDS, Swiss—VSM, Ukrainian—DSTM.
– Illustrated dictionaries on Mechanical Engineering [1–3] with divisions relative

to gearing: overall terms (148 ones), gear units (11 ones), gear manufacturing (44
ones).

– Gear terms from the MAAG Gear Book [4].
– Terminology from the reference-dictionary book on the metal working tool [5]

with divisions: (1) disc type gear cutters (4 terms); (2) gear hobs (30 ones); (3)
pinion type cutters for spur gears (31 ones); (4) showing tools (12 ones); (5) cutters
for spiral bevel gears (14 ones); (6) special terms used Gleason Co. (99 ones).

– Fundamental glossary on themechanics ofmachines [6] (above 130 terms, relative
to elements of gears mechanisms and gear manufacturing technology).

– Terminological dictionary [7] (22 terms).
– Collection of recommended terms [8] (basic definitions—12 ones, gears—74

ones, gear meshing and gear trains—60 ones, figures to terms—116, lettering—
34).

– Special terms of the “Gleason” Company [9] (487 ones).

In review [10] somebody can find detailed references on gearing terminology.
Ibidem [10] the various rating of term designations in Russian—language according
the GOST and English—language ones along ISO and AGMA terminology is
discussed.

The results of activity in terminology analysis were reported continually at the
sessions of committees and commissions ISO (Tune, 1988) and IFToMM (Izhevsk,
Russia, 1998; Paris, France, 1999; Oulu, Finland, 1999). Generalized results of
this activity is published in the proceedings of scientific seminar [11]. Further
activity under the whole of above directions is fulfilled in parallel. Regular discus-
sions of terminological problems online and at the Scheduled meetings of IFToMM
Permanent Commission A, professional editing data by highly qualified editors,
language speakers (English—Prof. Charles W. Stammers; French—Prof. J. P. Lalle-
mand, Prof. Didier Remond; German—Prof. Gerhard Boegeljack; Russian—Prof.
Victor E. Starzhinsky, Prof. Vladimir D. Plakhtin)—have been assured high quality
presentation of enveloped terminological information.
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5.2 Development of Gearing Terminology in the Frame
of IFToMM Permanent Commission “Standardization
of Terminology for the Mechanism and Machine
Science”

The settled gearing terminology in the primary IFToMM Issues [7, 12] contains 22
terms and definitions, distributed on different chapters. In accordance with IFToMM
decision to enlarge the Theory of Mechanisms and Machines (TMM) notion to it
interpretation asMechanism andMachine Science (MMS) one [13] the newdivisions
(7–13), including the Chap. 12 “Gearing” as a separate division, have been turned in
IFToMM terminology, originally in English-language alphabetical [14]. At the 25th
IFToMM PC AWorking Meeting (2010, Minsk/Gomel, Belarus) the Chap. 12 with
new thematic structure of 6 subdivisions (Gear and Tooth Geometry—94 terms, Gear
Pair Basics—40 ones, Gear Pair with Parallel Axes-19 ones, Gear Pair with Inter-
esting Axes—35 ones, Crossed-Axes Gear Pair—28 ones, Geared Mechanisms—10
ones) [15] has been confirmed. Hereinafter it was included in IFToMM electronic
dictionary [16]).

5.3 Reference-Dictionary Book on Gearing

The start for the first issue of Reference-dictionary book on gearing was given by
the paper [11]. In the subsequent issues, the volume of terminological information
gradually extends: 68 pages (2002), 90 (2004), 112 (2005), 190 (2008), and 220 ones
(2011). In the last issue, the reference-dictionary book contains about 900 terms. The
following divisions in the form of tables, pictures and drawings are presented (terms
quantity are in brackets): Geometrical and Kinematic Parameters and Elements of
Gears and Gear Pairs. Terms and Symbols (115). Principal subscripts and signs (27);
Extraction from Electronic dictionary “IFToMM Terminology for Mechanism and
Machine Science” Chapt. 12. Gearing (226); Spiroid gears (79); Facial toothed joints
and gearings (37); Accuracy and inspection of gearing (172); Calculation of bending
strength, pitting resistance, scuffing and service life of gears (130); Calculation of
scuffing load capacity of gears (118); Forms and location of tooth contact pattern
(118); Gear failure modes (83); Classification of the gear drives, including gear pairs
with parallel, crossing and skew axes (about 70 terms with definitions in shape of
initial bodies and its relative arrangements, tooth and profile shape, etc.) [17].
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5.4 Notion Identification on Gear Failure Modes.
Development of Interstate Standard

Identification of the terms in gear failuremodeswas providedwith exhaustive norma-
tive sources [18–22]. Above 200 gear failure modes have been analyzed [23]. A basic
contain of the standard was published in [24, 25]. Official issue of the standard [26]
was in 2009. The standard includes a list of terms for durability, interchangeability,
metal corrosion, friction, wear and lubrication, calculation methods of gear drives on
strength and scuffing, classification ofmetal fracturemodes. There is a corresponding
table of gear failure mode classification with different levels (classes), general failure
modes, sub-modes, degree of failure. All together, the description of 76 gear failure
modes are given, and 104 standard photo-examples are shown, as well as possible
reasons of their appearance and recommendations for failure prevention. For details
refer [27].

5.5 Conclusions

Results of author corporate activities in the field of gearing terminology have been
published in numerous papers, in particular [28–30]. Detailed Russian—language
version of given information somebody can find in the volumetric three—part paper
[31–33].
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Chapter 6
The Self-Compensation Approach
for Backlash on Gear Train

Bahadır Karba , Nihat Yıldırım , Mert Vardar, Fatih Karpat ,
and Milan Rackov

Abstract Even if rotates unidirectional or bidirectional, a certain amount of space
(free angular movement usually called “backlash”) between meshing teeth flanks are
allowed for functional reasons. The actual value and effects of the mechanical clear-
ance that is critical in the mesh condition of gears have been a subject to be inves-
tigated by gear engineers. The actual backlash stems from time-varying backlash
and constant backlash. User friendly software has been developed in MATLAB, to
guide assembly personnel/staff to create a combination of different gearbox compo-
nents from the measurement data bank to obtain a specified backlash range for three
gear train. Provided that, different gearboxes with different backlash values/ranges
will be assembled by using manufactured and measured components. Unless out of
design limits, almost no component will be wasted. This condition will also avoid
any slowing of manufacturing and helping to increase production capacity. In the
present paper, operating behaviour of system is evaluated in terms of backlash also
the automatically self-compensation of sources of backlash methodology is applied
to three gear train for backlash parameter.

Keywords Manufacturing errors · Installation errors · Backlash prediction ·
Backlash optimization · Low backlash gear train

6.1 Introduction

In literature, there is no resemble methodology which can directly predict and find
best optimized configurations considering tooth-to-tooth contacts characteristics to
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Fig. 6.1 Backlash in a gear mesh [2]

evaluate actual backlash on everymesh between gears. According toMichalec, back-
lash is not exist until a gear is mated with pinion in an assembly. But, part of the
backlash which is then revealed for the gear pair is attributable to sources identifi-
able in the individual gears before they are mated. Hence, it is possible and proper to
consider the inherent mechanical clearance of a single gear before assembly [1]. The
definition of backlash, which is depicted as a schematic in Fig. 6.1, is very simple, but
accurately predicting backlash is often difficult. However, optimum/correct value of
the required backlash is not well defined and calculated before the actual gear pairs
are put into operation. Therefore, usually greater backlash than required value is used
to prevent any likely back surface rubbing. This additional backlash causes unwanted
“lost motion” phenomenon when motion reverses.

To eliminate or reduce backlash (lost motion), there are 3 fundamental ways such
as:

– Very precise gear and components manufacturing,
– Special designed or cluster gears, and
– Special design and assembly which use components except for gears.

6.1.1 Motivation of Study

This study has been conducted in master thesis research [3]. In first paper of series
of papers, range of backlash prediction have been investigated both their own effects
and their integration effects via combinations [4]. In the second paper, backlash of
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gear pair is predicted by the in-house software including manufacturing and installa-
tion errors and the results have been validated both numerically and experimentally.
Two much-used commercial products were used for numerical validation of the
predictions whereas the special purpose test rig was designed and manufactured for
experimental measurements [5]. In this article, standalone program computes range
of backlash which is applicable under sort of gear meshing configuration for spur and
helical three gears train by using the novel methodology. In this proposed method,
manufacturing tolerances are not as tight as the ones in previous method but there
are certainly the upper and lower limits for manufacturing tolerances. The compo-
nents manufactured are individually measured for different individual parameters
like tooth thickness, runout, profile error, center distance etc. Referring to manufac-
tured gears reports, all data is applicable to software as inputs, so range of backlash
can be known and also it can be minimized considering the only absolute condition,
which assembly stays within design limits, and abide by the gear fundamental law
by using proper assembly configuration.

These assembly configurations contain such as:

– Possible center distance allowance to remove backlash within non-interference
region,

– Prepared an algorithm what applying manual phasing methodology to find
minimum and maximum backlash options, and

– Another algorithm is prepared to be capable of auto-phasing for each gear pair
under self-compensating methodology.

The software has capabilities to carry out:

– Determining actual pertinent macro gear dimensions,
– Predicting assembly backlash under manufacturing and installation parameters,
– Estimating time-varying (one cycle rotation) operating backlash,
– Determining possible center distance variations under non-interference region,
– Minimizing backlash by using self-compensation under phasing methodology
– Determining manual phasing permission to operate numbered gears, and
– Determining output backlash according to direction of rotation.

The purpose of study, backlash of system can be minimized under novel method
that is called self-compensating methodology to stable system backlash variation.
Software gives feedback to user about how gears of gear train will be mounted
according to 3 type of configurations such as 1st finding minimum backlash within
all mesh combinations that contain smallest minimum value, 2nd finding minimum
backlash within all mesh combinations that contain smallest maximum value, and
3rd finding minimum backlash within all mesh combinations that contain smallest
peak-to-peak value for full cycle rotation.
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6.2 Minimizing Methodology

In this novel method, backlash can be minimized by using ideal phasing compen-
sating methodology for gears with marked numbers. If selected number of teeth
of gears are relatively prime hunting tooth meshing is completed under each tooth
contacts via each tooth. In this approach, probabilities of minimum backlash config-
urations have been performed creating adjacent pitch deviation document which is
effectful parameter based on manufacturing reports approximately. Thus, how back-
lash is minimum could via certain configurations between gears have been evaluate
using phasingmethodology under defined contact teethwhich are providesminimum
backlash chance. Standalone program works like mounting simulator tool by using
aforementioned methodology to predict actual operating backlash for three gear
trains considering manufacturing reports of gears also mounting conditions.

6.3 Case Study of Three Gear Train

In this case, designed helical three gear trains are examined in terms of backlash via
manufacturing reports by using software standalone program (see Fig. 6.2). Besides
that, nominal tooth thicknesses of Three meshed gears (see Fig. 6.3) are calculated
by span/over pin measurement methodology considering given macro properties of
gears.

Elemental sources of manufacturing parameters which are taken from measure-
ment reports were added to software to evaluate backlash precisely. In this case
study, influence of adjacent pitch error is also examined under manufacturing reports
according to direction of rotation of gears considering from first measured flank to
last one of gears respectively. Angular backlash is explained as a formula to evaluate
backlash in controls precision units.

Best configurations which provide to minimize backlash through full cycle rota-
tions are given considering type of rotation (see Figs. 6.4 and 6.5). Backlash graphs
of Gear (1–2) were given under mounting configuration considering clockwise rota-
tion at following Figs. 6.6, 6.7 and 6.8 for pair (1–2) and Figs. 6.9, 6.10 and 6.11 for
pair (2–3) respectively.

At the end of evaluation of best configurations for Gear pair 1–2 and 2–3. Entire
Torsional Angle of gear train can be founded by Software under integrated best
configurations methodologies. According to selected driving gear, so, first gear of
chain or last gear of chain Z1–Z2–Z3, respectively considering at the following
Figs. 6.12, 6.13 and 6.14 under clockwise rotation for first gear driving.
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Fig. 6.2 Self-compensated backlash gear train program under case study
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Fig. 6.3 Demonstration of
case study three gear trains:
a output gear (z74), b idler
gear (z83) and c input gear
(z79)

Fig. 6.4 Best mounting selections for rotating clockwise under configurations
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Fig. 6.5 Best mounting selections for counterclockwise rotating under configurations

Fig. 6.6 Minimum backlash for smallest value of minimum values clockwise direction based on
1st configuration (pair 1–2)
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Fig. 6.7 Minimum backlash for smallest value of maximum values clockwise direction based on
2nd configuration (pair 1–2)

Fig. 6.8 Minimum backlash for smallest value of peak-to-peak values clockwise direction based
on 3rd configuration (pair 1–2)
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Fig. 6.9 Minimum backlash for smallest value of minimum values clockwise direction based on
1st configuration (pair 2–3)

Fig. 6.10 Minimum backlash for smallest value of maximum values clockwise direction based on
2nd configuration (pair 2–3)

Fig. 6.11 Minimum backlash for smallest value of peak-to-peak values clockwise direction based
on 3rd configuration (pair 2–3)
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Fig. 6.12 Entire torsional angle of three gear trains under 1st configuration considering first gear
driving

Fig. 6.13 Entire Torsional angle of three gear trains under 2nd configuration considering first gear
driving
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Fig. 6.14 Entire torsional angle of three gear trains under 3rd configuration considering first gear
driving

6.4 Conclusion

Mostly, manufacturing errors of individual gear is distributed uniformly or as
maximum and minimum. However, each tooth has own individual errors or devi-
ations. For that reason, unless gear engineer considers that or mounting personnel
obey to mounting procedure, actual behavior cannot be predicted while gears are
operating. To avoid that circumstance, if there is any consider about that, it must be
applied properly to stay within tolerance range of behavior of system. If gears with
marked according to numbers of teeth respectively based on manufacturing reports.
Assembly procedure for low backlash can be obtained with high probability with
taken from software outputs according to founded best configurations. Case study
for backlash prediction have been performed in that way. Hence, backlash range of
train was clarified to understand considering each rolling degree during meshing.
An algorithm allow to interpretation and find optimum mounting configurations for
lowest backlash using self-compensation automatically. If backlash graph is taken
as a reference, there are 3 important possibilities which are provided to interpret
minimum backlashes. The software outputs whose best configurations give to user
showed that backlash can be reduced comparing to randomly mounted gearbox. As
a result of these examinations, backlashes of related systems are reduced by using
this methodology. The followings may be considered as future works:

– All efforts which have been performed unloaded system during this study. Loaded
gear systems can be investigated for further backlash prediction,

– Statistical analysis canbe added to backlashprediction tofindnearest real backlash
using literature theories e.g. [6], and perfectible theories gear pair, gear trains, and
planetary gearbox, and
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– In this study, backlash has been predicted consider static, qua-static, and
some dynamic conditions. Dynamic backlash can be predicted to avoid erratic
behaviours.
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Chapter 7
The Modification Effects of the Sum
of Pitch Angles in Case of Bevel Gear
Pairs Having Straight Teeth for the TCA

Sándor Bodzás and Gyöngyi Szanyi

Abstract The purpose of this work is the analysis of the effects of the modification
of the sum of pitch angles for the TCA’s (Tooth Contact Analysis) parameters. We
design five different types of straight bevel gear pairs whose the sum of the pitch
angles will be modified beside the constancy of other geometric parameters. After
that the CAD (Computer Aided Designing) models could be created. Knowing of the
exact geometries TCA could be done because of the analysis of the received normal
stress’, normal strain’s and normal deformation’s distributions on the connecting
tooth areas. Finally, the diagrams could be determined in the function of the changing
of the modified geometric parameter and the analysed TCA’s parameters.

Keywords Bevel gear pairs having straight teeth · TCA · CAD · Sum of pitch
angles

7.1 Introduction

The bevel gear pair having straight teeth is preferably used in many engineering
constructions where the modification of the transmission ratio and the position of the
shafts are needed (vehicle, working machine, etc.). Many parameters are needed for
the correct geometric designing because they have fairly complex geometry [1–7].
One of the most important parameters is the sum of pitch angles (Fig. 7.1).

If the � = 90° sum of pitch angles arrangement is not solvable but angular shaft
position is needed the sum of the pitch angles will have to be modified. In these
special cases the appropriate tooth geometry is significant because of the effect of
given load. The tooth connection is along the pitch cones that is why the sum of pitch
angles is (Fig. 7.2) [5, 8, 9]:
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Fig. 7.1 The geometric establishment of the bevel gear pairs having straight teeth

Fig. 7.2 The coordinate
system’s arrangement for the
mathematical analysis

� = δ01 + δ02 (7.1)

7.2 The Mathematical Description of the Gear Connection

Given the two parametric vector—scalar function of the surface of the pinion in
general case:

�r1R = �r1R(η, ϑ) =
⎡
⎣
x1R(η, ϑ)

y1R(η, ϑ)

z1R(η, ϑ)

⎤
⎦ (7.2)
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The necessary transformation matrices between the K1R and K2R coordinate
systems are:

M2R,1R =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

cosϕ2 sin�
cosϕ1 sin ϕ2

+ cosϕ2 cos� sin ϕ1

sin ϕ2 sin ϕ1

− cosϕ2 cos� cosϕ1
c cosϕ2

−sinϕ2 sin�
cosϕ2 cosϕ1

− cos� sin ϕ2 sin ϕ1

cosϕ1 cos� sin ϕ2

+ cosϕ2 sin ϕ1
−c sin ϕ2

cos� − sin ϕ1 sin� cosϕ1 sin� a
0 0 0 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(7.3)

M1R,2R =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

cosϕ1 sin� − sin� sin ϕ2 1 −a + cos� − c sin�

cos� cosϕ2 sin ϕ1
+ cosϕ1 sin ϕ2

cosϕ1 cosϕ2
− cos� sin ϕ1 sin ϕ2

− sin ϕ1 sin�
a sin ϕ1 sin�

−c cos� sin ϕ1
sin ϕ1 sin ϕ2

− cosϕ1 cos� cosϕ2

cosϕ2 sin ϕ1
+ cosϕ1 cos� sin ϕ2

cosϕ1 sin�
c cosϕ1 cos�

−a cosϕ1 sin�

0 0 0 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(7.4)

where:

M2R,1R = M2R,2S · M2S,0 · M0,01 · M01,1S · M1S,1R (7.5)

M1R,2R = M1R,1S · M1S,01 · M01,0 · M0,2S · M2S,2R (7.6)

The two tooth surfaces are wrapped each other during the connection that is why
[5]:

ϕ2 = i · ϕ1 (7.7)

The relative velocity vector is between the two contact surfaces [5]:

�v(1,2)
2R = d

dt
· �r2R = d

dt
M2R,1R · �r1R (7.8)

Considering the correlation between the relative velocity vectors on the K1R and
K2R coordinate systems [5]:

�v(1,2)
1R = M1R,2R · �v(1,2)

2R = M1R,2R · d

dt
M2R,1R · �r1R = P · �r1R (7.9)

Knowing of the parametric surface equation of the pinion the equation of the
contact points on the contact surfaces are the solution of the following equation [5]:
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�r1R = �r1R(η, ϑ)

�n1R · �v(1,2)
1R =

⎡
⎢⎣

�i �j �k
∂x1R
∂η

∂y1R
∂η

∂z1R
∂η

∂x1R
∂ϑ

∂y1R
∂ϑ

∂z1R
∂ϑ

⎤
⎥⎦ ·

⎡
⎢⎣

�v(1,2)
1Rx

�v(1,2)
1Ry

�v(1,2)
1Rz

⎤
⎥⎦ = 0

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(7.10)

The common solution could be calculated by numerical way that is why the exact
position of the contact points could be calculated and analyzed [5].

7.3 Computer Aided Design of Different Bevel Gear Pairs

Considering the suggestion of the references five types of bevel gear pairs having
straight teeth had to be designed. The number of step was 5° in case of each gear
pairs. The difference between them is only the modification of the sum of pitch angle
(Table 7.1).

For the facilitation of the designing process the GearTeq designing software was
used. This is a quite complex software with which many types of gears could be
designed (Fig. 7.3). The input parameters have to be given and after the calculation
this pro-gram can built up the geometric models of the pinion. The computer aided
model of the driven gear could be also built up by direct kinematical method in
mathematicalway. The received gear pair could be visualized on the display.After the
geometric design the gear pair could be saved into the SolidWorks softwarewhere the
assembly corrections and simulations could be done before the TCA (Fig. 7.3). The
simulation analysis is important because of the inspection of the connection. During
this analysis we can do beat examinations and check the correct teeth connection.

7.4 TCA Analysis in the Function of Selected Geometric
Parameter

After the geometric correct designing the TCA is an important analysis where the
mechanical parameters (stress, strain, deformation) could be calculated on the tooth
contact zone for the effect of given load (force or torque) [6–8].

Dense meshing (element size 1.1 mm) was used on the teeth contact zone [1–5].
The driven gear was totally fixed. One rotation freedom degree was permitted on the
pinion. 800 Nm torque was applied as a load on the pinion. We analyzed the effect of
this load on the tooth connection. The selected material type is structural steel (Table
7.2). The friction coefficient was µ = 0.15 on the teeth connection.
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Table 7.1 The parameters of the designed gear pairs

Parameter I II III IV V

Module [mm] 10

Pressure angle [°] 20

Spiral angle [°] 0

Shaft angle [°] 70 75 80 85 90

Number of teeth I. z1 20

Number of teeth II. z2 30

Face width [mm] 100

Working depth [mm] 20

Whole depth [mm] 21.9

Pitch diameter I. [mm] d01 200

Pitch diameter II. [mm] d02 300

Pitch angle I. [°] δ01 27 28.8 30.5 32.1 33.7

Pitch angle II. [°] δ02 43 46.2 49.5 52.9 56.3

Circular pitch [mm] 31.4

Addendum [mm] I. f 01 12.6

Dedendum [mm] I. l01 9.3

Addendum [mm] II. f 02 7.4

Dedendum [mm] II. l02 14.4

Clearance [mm] 1.9

Root angle [°] I. δl1 24.6 26.2 27.8 29.3 30.7

Root angle [°] II. δl2 39.2 42.2 45.3 48.5 51.7

Outside diameter [mm] I. df 1 222.4 222 221.6 221.3 220.9

Outside diameter [mm] II. df 2 310.9 310.3 309.7 309 308.3

Tooth thickness [mm] I 17.2

Tooth thickness [mm] II 14.2

Addendum modification I. [mm] 2.6

Addendum modification II. [mm] −2.6

Addendum modification coefficient I 0.26

Addendum modification coefficient II −0.26

Fillet radius [mm] 2.8

7.4.1 The Analysis of the Normal Stresses

The formed normal stress distributions were analysed on the teeth surfaces. The nor-
mal stress distributions could be seen on Fig. 7.4 in case of � = 70°. We adopted a
coordination system in the middle of the tooth surface. The x-axis is perpendicular
for the tooth surface which is the normal direction. We analysed the received TCA
results into the normal direction (Fig. 7.4).
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Fig. 7.3 A CAD assembly
models of a bevel gear pairs
by SolidWorks software (�
= 70°)

Table 7.2 The parameters of
the selected structural steel

Density 7850 kg/m3

Yield limit 250 MPa

Ultimate strength 460 MPa

Based on Fig. 7.5 the lowest stresses are in case of 75°. The highest stresses are
in case of 90°. The stress values are significantly higher in case of 90° in absolute
value.

7.4.2 The Analysis of the Normal Elastic Strain

The formed normal elastic strain distributions were analyzed on the teeth surfaces.
The normal elastic strain distributions could be seen on Fig. 7.6 in case of � = 70°.

Based on Fig. 7.7 the lowest strains are in case of 75°. The highest strains are in
case of 90° degree. The strain values are significantly higher in case of 90° degree
in absolute value.

7.4.3 The Analysis of the Normal Deformation

The formed normal deformation distributions were analysed on the teeth surfaces.
The normal deformation distributions could be seen on Fig. 7.8 in case of � = 70°.

Based on Fig. 7.9 the lowest deformations are in case of 85°. The highest defor-
mations are in case of 90°. The deformation values are continuously being decreased
from 70° to 85°. The deformation values are significantly higher in case of 90° in
absolute value.
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Fig. 7.4 The normal stress distribution in case of � = 70° sum of pitch angles: a tooth side of the
pinion and b tooth side of the driven gear

7.5 Conclusion

The aim of this publication is the analysis of the TCA results in the function of
the modification of the sum of pitch angles in case of bevel gears having straight
teeth. Using of the GearTeq geometric designing software five types of bevel gears
are designed. All of the geometric parameters of them is the same except the sum of
pitch anglesweremodified.Because of thismodification someconnectionparameters
were also changed. The CAD models were created by SolidWorks software. After
the geometric modelling TCA was done by Ansys software. The normal stress, the
normal elastic strain and the normal deformation were analysed in the function of the
modified parameter based on the effects of given load. Many functions were drawn.
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Fig. 7.5 The average normal stresses in the function of the sum of pitch angles: a pinion and b
driven gear

As a result the highest values were received in case of 90° in absolute value that
is why the 90° arrangement is the most sensitive in aspect of loads. Generally, the
perpendicular shaft application is the most frequent in the designing of mechanical
construction. Occasionally non-perpendicular shaft arrangement could be also used
depending of the mechanical designing and the assembly possibilities.
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Fig. 7.6 The normal elastic strain distribution in case of � = 70° sum of pitch angles: a tooth side
of the pinion and b tooth side of the driven gear
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Fig. 7.7 The average normal elastic strain in the function of the sum of pitch angles: a pinion and
b driven gear
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Fig. 7.8 The normal deformation distribution in case of � = 70° sum of pitch angles: a tooth side
of the pinion and b tooth side of the driven gear
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Fig. 7.9 The average normal deformation in the function of the sum of pitch angles: a pinion and
b driven gear
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Chapter 8
Influence of Wear on Load Sharing
and Transmission Error of Spur Gears
with Profile Modifications

Miguel Pleguezuelos , José I. Pedrero , Miryam B. Sánchez ,
and Elena Vicente

Abstract The gear mesh stiffness, and therefore the load sharing, tooth deflections,
and transmission error, are strongly influenced by the tooth dimensions and profile
shape. But the profile shape and contact conditions are affected by the wear produced
by the relative sliding of the teeth surfaces, so that load sharing and transmission error
change as thewear depth increases. Consequently, thewear depth increase is different
at any contact point—because the load and sliding velocity are different—and in
any meshing cycle as well—because the load sharing changes with the accumulated
wear—. In addition, the length, depth, and shapeof profilemodificationsmay sensibly
affect the initial load sharing, and therefore the complete wear process. In this paper,
a model of meshing stiffness, load sharing, and transmission error for spur gears with
profile modifications including the influence of wear is presented.

Keywords Spur gears · Wear · Profile modifications

8.1 Introduction

The profile shape of gear teeth has strong influence on the load sharing between
couples of teeth in simultaneous contact, and therefore on the teeth deflections and
transmission error [1–5]. A small difference on the profile geometry, for example a
few microns relief, induces a deflection on this tooth of this few microns less, which
results in a much smaller load on this tooth pair than that on the other pairs in contact.

Due to the relative sliding of the tooth surfaces along the meshing contact, wear
arises after a number of meshing cycles. This affects the contact conditions in the
same way as a profile modification along the whole active profile, in such a manner
that the acting load affects the instantaneous wear, and the accumulated wear affects
the acting load [6, 7]. The main difference is that profile modification due to wear
varies with the number of meshing cycles, but for a given number of cycles the wear
can be studied as a long profile modification, which affects all the active profile.

M. Pleguezuelos · J. I. Pedrero (B) · M. B. Sánchez · E. Vicente
Dep. Mecánica, UNED, Juan del Rosal 12, 28040 Madrid, Spain
e-mail: jpedrero@ind.uned.es

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. Rackov et al. (eds.), Machine and Industrial Design in Mechanical Engineering,
Mechanisms and Machine Science 109,
https://doi.org/10.1007/978-3-030-88465-9_8

111

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88465-9_8&domain=pdf
http://orcid.org/0000-0003-0174-5760
http://orcid.org/0000-0001-8354-2144
http://orcid.org/0000-0001-5476-6018
mailto:jpedrero@ind.uned.es
https://doi.org/10.1007/978-3-030-88465-9_8


112 M. Pleguezuelos et al.

To describe the wear on contact surfaces the Archard’s model [8] is frequently
used. It has been successfully applied to the wear prediction in tooth gear surfaces
[9–11], as well as to study its influence on the load and transmission error [12]. But
all these studies were focused on involute spur gears, without profile modifications.
Nowadays, profile modifications are often used to avoid the mesh-in impact induced
by the earlier start of contact due to the teeth deflections and control the load sharing
and transmission error [1–4, 13]. It is therefore necessary to know the evolution of
the load sharing and transmission error with the wear depth, in spur gears with profile
modifications. In this paper, the wear depth is introduced in a simple analytical model
previously developed [2, 4] which considers profile modifications.

8.2 Background

It has been demonstrated that, if assumed the minimum elastic potential energy
principle, the deflection of all the tooth pairs in simultaneous contact is the same
[2, 4, 13]. This equal deflection represents the delay of the actual position of the
driven gear respect to its theoretical conjugate position, which is called quasi-static
transmission error (QSTE). From this assumption, the load at a specific tooth pair j
which is in contact at the point of the line of action described by ξ can be expressed
as follows:

Fj (ξ) = KM(ξ)[δ(ξ) − δG(ξ) − δR(ξ) − δW (ξ)] (8.1)

where Fj is the load on tooth pair j, KM the single meshing stiffness of the tooth
pair, δ(ξ ) the driven gear delay measured on the line of action, δG(ξ ) the approach
distance to start the contact before the theoretical inner point of contact, δR(ξ ) the
profile modification, and δW (ξ ) the sum of the wear depth at both contact surfaces.
ξ is a linear coordinate along the line of action, which is equal to 0 at the tangency
point with the driving gear base circumference, and equal to [(Z1 + Z2)/2π ] · tan α′

t
at the tangency point with the driven gear base circumference, being Z the number
of teeth, α′

t the operating transverse pressure angle, and subscripts 1 and 2 denotes
the driving and driven gear, respectively. It can be proved that the difference between
the contact point parameter of the theoretical outer and inner points of contact, ξ o

and ξ inn, is equal to the theoretical contact ratio εα:

ξo − ξinn = εα (8.2)

and the difference between the contact point parameter of two pairs is:

ξi+ j = ξi + j (8.3)

From Eq. (8.1), the total transmitted load FT is:
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FT = δ(ξ)
∑

j

KM(ξ + j)

−
∑

j

KM(ξ + j)(δG(ξ + j) + δR(ξ + j) + δW (ξ + j)) (8.4)

from which:

δ(ξ) = 1∑
j KM(ξ + j)

⎡

⎣FT +
∑

j

KM(ξ + j)(δG(ξ + j) + δR(ξ + j) + δW (ξ + j))

⎤

⎦ (8.5)

Equation (8.5) provides the QSTE of the gear pair at contact position described by
ξ. The load sharing ratio (LSR) can be obtained by replacing Eq. (8.5) in Eq. (8.1),
resulting in:

R(ξ) = F(ξ)

FT

= KM(ξ)

FT

[
FT + ∑

j KM(ξ + j)(δG(ξ + j) + δR(ξ + j) + δW (ξ + j))
∑

j KM(ξ + j)

−[δG(ξ) + δR(ξ) + δW (ξ)]] (8.6)

The single meshing stiffness is very approximately described by [14]:

KM(ξ) = KM max cos b0
εα

2 for ξmin ≤ ξ ≤ ξinn

KM(ξ) = KM max cos b0(ξ − ξm) for ξinn ≤ ξ ≤ ξo

KM(ξ) = KM max cos b0
εα

2 for ξo ≤ ξ ≤ ξmax

(8.7)

where KMmax can be computed as described in [14], and:

b0 =
[
1

2

(
1.11 + εα

2

)2 − 1.17

]− 1
2

ξm = ξinn − εα

2
(8.8)

ξmin and ξmax are the limits of the actual contact interval, which is wider than the
theoretical one due to the delay of the driven tooth respect to the driving tooth. The
calculation of their values can be found in [2, 4]. Obviously, KM(ξ ) = 0 outside the
interval ξmin ≤ ξ ≤ ξmax.
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The approach distance depends on the load and geometry of the meshing teeth,
and is very approximately described by [2, 4, 13]:

δG(ξ) =
(
2π
Z1

)2
rb1Cp−inn(ξinn − ξ)2 for ξmin ≤ ξ ≤ ξinn

δG(ξ) = 0 for ξinn ≤ ξ ≤ ξo

δG(ξ) =
(
2π
Z1

)2
rb1Cp−o(ξ − ξo)

2 for ξo ≤ ξ ≤ ξmax

(8.9)

where rb is the base radius, and coefficients Cp–inn and Cp–o can be calculated as
presented in [2, 4].

The equation of the profile modification will obviously depend on the designer’s
decision. A typical equation for a linear tip relief at both mating teeth is:

δR(ξ) = �R−inn

(
1 − ξ−ξinn

�ξr−inn

)
for ξinn ≤ ξ ≤ ξinn + �ξr−inn

δR(ξ) = 0 for ξinn + �ξr−inn ≤ ξ ≤ ξo − �ξr−o

δR(ξ) = �R−o

(
1 − ξo−ξ

�ξr−o

)
for ξo − �ξr−o ≤ ξ ≤ ξo

(8.10)

being�R–inn and�R–o the amount ofmodification at the driven anddriving tip, respec-
tively, and �ξR–inn and �ξR–o the respective lengths of modification. To avoid the
mesh-in impact, the amount of modification �R–inn should be equal to the approach
distance at the inner point of contact of the actual contact interval δG(ξmin) [2, 4, 13].

Equations (8.5) and (8.6) provide the curves of LSR and QSTE for spur gears
with profile modification. All the parameters taking part in Eqs. (8.5) and (8.6) can
be computed with Eqs. (8.7)–(8.10), except the wear depth, which is studied in the
next section. Figure 8.1 shows the curves of LSR and QSTE obtained from the above
equations, for a specific spur gear pair, with and without tip relief at the driven tooth.

8.3 Wear Depth

From the Archard’s equation [8], the increment of wear depth hW at contact point ξ
due to the relative sliding corresponding to one meshing cycle can be expressed as:

�hW1/W2(ξ) = KW
F(ξ)

b

|dl1(ξ) − dl2(ξ)|
dl1/2(ξ)

(8.11)

whereKW is a constant depending on the material, b the face width, and dl the length
of the profile arc corresponding to a small rotation of the driving gear. The distance
between both mating profiles due to this increment of wear depth will obviously be
the sum of both wear depths, and therefore:
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Fig. 8.1 Curves of LSR (up) and QSTE (down) for spur gear pair without profile modification
(left) and with tip relief at the driven tooth (right)

�δW (ξ) = �hW1(ξ) + �hW2(ξ) = KW
F(ξ)

b
|dl1(ξ) − dl2(ξ)|

(
1

dl1(ξ)
+ 1

dl2(ξ)

)

(8.12)

which, after some calculations, can be expressed as follows:

�δW (ξ) = KW
F(ξ)

b

∣∣∣∣
2π

Z1
ξ − tan α′

t

∣∣∣∣

(
Z1
Z2

2π
Z1+Z2

ξ
+ 1

tan α′
t − 2π

Z1+Z2
ξ

)
(8.13)

The distance δW after N meshing cycles should be calculated through an iterative
procedure:

δW (i+1)(ξ) = δW (i)(ξ) + �δW (i)(ξ) (8.14)

in which �δW (i)(ξ ) is computed from the values of F(ξ ) given by Eq. (8.6) for δW (ξ )
= δW (i)(ξ ), starting from δW (0)(ξ ) = 0.

It should be noted that the actual contact interval ξmin ≤ ξ ≤ ξmax becomeswider with
wear. This is because the load at the limits of the contact interval is null, as presented
in Fig. 8.1, and therefore the wear is also null at this point. But in these contact
positions, the load and wear at the inner and outer points of single tooth contact are
not null, so that the delay of the driven gear increases, and contact starts earlier and
ends later. According to Eqs. (8.5) and (8.6), ξmin and ξmax are the solutions of the
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equation:

δ(ξ) = δG(ξ) + δR(ξ) + δW (ξ) (8.15)

or, approximately:

δ
(
ξinn/o

) = δG
(
ξmin /max

) + δR
(
ξinn/o

)
(8.16)

8.4 Model for LSR and QSTE Including Wear

Wear depth after N meshing cycles can be computed with Eqs. (8.13) and (8.14).
Afterwards, the LSR and QSTE can be computed with Eqs. (8.6) and (8.5). However,
wear depends on the number of meshing cycles, and therefore on the load distribu-
tion along the previous cycles. To address the problem, it is assumed that the load
distribution only changes every 1000 cycles. The iterative procedure will be the
following:

1. Take δW (0)(ξ ) = 0, and i = 0.
2. Compute ξmin(i) and ξmax(i) with Eqs. (8.5) and (8.15) or (8.16).
3. Compute δ(i)(ξ ) with Ec. (8.5), and F(i)(ξ ) with Eq. (8.6).
4. Compute �δW (i)(ξ ) with Ec. (8.13), from values of F(i)(ξ ) of step 3.
5. Compute δW (i+1)(ξ ) with Eq. (8.14).
6. If i < N, do i = i + 1 and return to step 2.

Figure 8.2 presents the LSR, QSTE, wear depth, and accumulated wear depth
of spur gear pair without profile modification considering wear, after 150,000 load
cycles. Figure 8.3 presents the same curves for the same spur gear with tip relief at
the driven tooth. The evolution of the curves every 50,000 cycles is also presented.

It is observed that the load decreases at the inner interval of two pair tooth contact
and increases at the outer one. This is due to the sliding velocity at the pinion root
is greater than that at the wheel root, and therefore wear is greater at the beginning
of the contact, as seen in right diagrams of Figs. 8.2 and 8.3. This produces the less
worn tooth pair to support higher deflections, and consequently higher loads. The
QSTE increases (obviously, the gap is longer as wear depth increases); however, the
peak-to-peak amplitude of QSTE decreases, and therefore the induced dynamic load
decreases as well.

In addition, since the load increases around the outer point of single tooth contact,
the teeth deflection increases, and the contact starts earlier, as shown in the detail
of upper-right diagram of Fig. 8.3. This means that mesh-in impact occurs, even for
suitable tip relief at the driven gear teeth.
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Fig. 8.2 Curves of LSR (up/left), QSTE (down/left), wear depth (up/right), and accumulated wear
depth (down/right) for spur gear pair without profile modification, after 0, 50, 100, and 150meshing
kcycles

Fig. 8.3 Curves of LSR (up/left), QSTE (down/left), wear depth (up/right), and accumulated wear
depth (down/right) for spur gear pair with tip relief at the driven tooth, after 0, 50, 100, and 150
meshing kcycles



118 M. Pleguezuelos et al.

8.5 Conclusions

An analytic model of meshing stiffness, load sharing, and transmission error for spur
gears with profile modifications including the influence of wear is presented. Wear
depth is calculated from the load sharing and sliding velocity at any contact point of
the path of contact and is considered as an additional gap between contact surfaces,
which influences the load sharing and quasi static transmission error for the next
meshing cycle. Results show that load decreases in areas with greatest wear, since
the additional gap due to wear reduces the tooth pair deflection, and consequently the
load. This additional gap induces higher transmission error but lower peak-to-peak
amplitudeof oscillation,which results in a lower induceddynamic load.Nevertheless,
the progressively bigger gap produced by wear causes an earlier start of contact of
the next tooth pair, which is the origin of mesh-in impact. In consequence, mesh-in
impact becomes unavoidable on worn teeth.
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Chapter 9
Service Life of Universally Loaded Deep
Groove Ball Bearing Depending
on Internal Clearance

Tatjana M. Lazović , Ivan M. Simonović, and Aleksandar B. Marinković

Abstract The service life of a rolling bearing is calculated using a standardized
formula, based on the bearing’s dynamic load rate, equivalent load, and the appro-
priate exponent, depending on the rolling elements’ shape. Deep groove ball (DGB)
bearings are supplied to the market with radial internal clearance. Clearance ranges
are classified into several size groups, with values depending on the bearing bore
diameter. Radial clearance causes the presence of axial clearance. DGB bearing is a
bearing with initial radial contact between balls and raceways (zero contact angle).
This type of bearing can be loaded with pure radial load or universally loaded with
combined radial and axial load. When a radial bearing is loaded only with a radial
load or a combined load with a negligibly small axial component, the contact angle
retains the zero value. When the axial component of the load is significantly large,
there is an axial relative displacement of the rings for the value of the axial clear-
ance. Then the radial bearing becomes a bearing with angular contact. In the standard
calculation method, the expression of the service life does not explicitly take into
account the internal clearance. However, the influence of the clearance is calculated
indirectly, through the corresponding values of the equivalent dynamic load’s param-
eters. These parameters depend on the contact angle, and the contact angle depends
on the internal clearance. Theoretical quantitative analysis of the internal clearance
influence on the service life of a universally loaded DGB bearing is presented in this
paper.
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9.1 Introduction

The last version of the international standard for the calculation of rolling bearings’
dynamic load rating and rating life was published in 2007 [1]. The basic bearings’
life formula has not been changed since 1962 when the standard was established.
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Due to the identified effects of reliability, materials and technology of bearing parts,
lubrication and lubricant contamination, the basic service life is adjusted by appro-
priate modification factors, so that the calculated modified service life is supposed
to be equal to the actual service life with min. 90% reliability.

The practical experience of manufacturers and users of rolling bearings, as well
as the results of scientific research, have shown that one of the most important design
features of rolling bearings—internal clearance is not explicitly taken into account
in calculating the bearings’ service life. When a deep groove ball (DGB) bearing is
subjected to a pure radial load, the balls are not equally loaded. Furthermore, with
increasing internal radial clearance, the load distribution between balls becomesmore
unequal. The effect of internal clearance of radially loaded DGB bearing on load
distribution and service life was investigated by many authors [2–6] using different
approaches, but with the same conclusion that increasing clearance results in reduced
bearing life.

When a DGB bearing is subjected to a universal (combined radial and axial) load,
the load distribution between balls depends on the axial force. In the case of a large
axial component related to the radial one, all balls are engaged in the load transfer. The
load distribution is less unequal and the bearing service life is longer. So the increase
in the internal clearance causes an increase in the service life. The question arises,
how to take into account the influence of the internal clearance in the calculation of
the bearing’s service life and what is the level of this impact. The explanation is given
through a change of the contact angle between balls and raceways under universal
loading. The relation between the internal clearance, contact angle and equivalent
bearing load, based on standard expressions, is obtained in this paper. Based on the
derived function, the analysis of the internal clearance influence on the ball bearing’s
service life was carried out.

9.2 Internal Clearance and Initial Contact Angle

The DGB bearings of all series (with the same bore diameter) can have different
internal radial clearances, depending on the user’s needs. The clearance ranges with
which the bearings are delivered to the market are classified into several size groups
(CN, C2, C3, C4 and C5) [7]. These are the values of the initial internal radial
clearance before mounting. Usually, the operating internal clearance in a bearing is
smaller than its initial internal clearance, due to mounting (interference fits between
inner ring and shaft or between outer ring and housing or both) and rising operating
temperature (thermal expansion of the bearing components and other components of
the bearing arrangement). The operating internal clearance is the internal clearance
when the mounted bearing is in operation and has reached an operating temperature.
It is a result of thermal effects in the fitted condition [8].

The radial clearance induces and determines the axial clearance. Due to the pres-
ence of an axial clearance and large axial component of operational load, the radial
ball bearing can be considered as a ball bearing with angular contact (Fig. 9.1).
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Fig. 9.1 Initial contact
angle in DGB bearing caused
by internal clearance [9]

The initial contact angle depends on internal clearance and dimensions of balls and
raceways grooves [9]:

cosα0 = 1 − s

2(ri + re − Dw)
= 1 − s

0.08Dw
(9.1)

where s is radial operating clearance; Dw is ball diameter; ri = re = 0.52Dw [10]
are cross-sectional raceway groove radii of the inner and outer ring, respectively
(Fig. 9.1).

The diagram in Fig. 9.2 shows the change of the initial contact angle depending
on the clearance and ball diameter of the DGB bearings of the same bore diam-
eter (d = 30 mm) and different series (60, 62, 63 and 64). The ball diameters are

Fig. 9.2 Initial contact
angle versus operating
internal radial clearance
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proposed by the standard [11]. The initial clearance of these bearings is in the range
(1…41)µm, depending on the clearance group. However, actual operating clearance
is significantly modified (smaller) or even cancelled due to fitting and heating [8].

The diagram in Fig. 9.2, shows that with increasing clearance, the initial contact
angle also increases. As the diameter of the balls increases, which means that the
series is heavier, the initial contact angle decreases. Depending on the clearance and
bearing series, the actual values of the initial contact angle can be approx. up to 20°.

9.3 Dynamic Equivalent Radial Load

The dynamic equivalent radial load of radial ball bearing, loaded with a combined
radial Fr and axial Fa load, is determined based on expression:

Pr = XFr + Y Fa (9.2)

where X is radial load factor and Y is axial load factor.
The load distribution in the ball bearing depends on the Fa/Fr ratio. If the axial

load is zero or negligibly small in relation to the radial force, not all balls participate in
the load transfer. As the axial component of the load increases, the number of active
balls, which come into contact with the raceways is increasing. Also, the contact
angle is increased. With a further increase in the Fa/Fr ratio, all the balls participate
in the load transfer, and the radial bearing became a bearing with an angular contact.
The radial and axial force participation in the equivalent bearing load is determined
by the load factors X and Y. The values of these factors are determined by Fa/Fr

ratio and appropriate parameter e. This parameter is the limiting value of Fa/Fr for
the applicability of different values of load factors and the standard expression for
this parameter is [10]:

e = ξ tgα′ ≤ 0.4ξ

(
1 − sin α0

2.5

)−1

(9.3)

where ξ is the auxiliary quantity; α′ is the actual contact angle between the balls and
the raceway, depending on the internal clearance and the axial load.

The auxiliary quantity ξ is 1.5 when the contact angle is less or equal to 5° and
1.25 for angles greater than 5°. The actual contact angle can be determined by [10]:

cosα0

cosα′ = 1 + 0.012534

(
Fa

ZD2
w sin α′

) 2
3

(9.4)

where Z is the number of balls in a bearing.
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Fig. 9.3 Axial load versus
load–geometry ratio for
DGB bearings with bore
diameter 30 mm
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In Eqs. (9.3) and (9.4), if α° ≤ 5°, then in calculations should be used α° = 5°
[10]. To have comparable results for different bearing series, one of the variables
in the following analyzes is load–geometry ratio Fa/ZDw

2 (Eq. 9.4). This ratio is
in the range (0.1…7.0) for ball bearings [10]. The change of axial component of
the bearing load depending on the load–geometry ratio, for different series of DGB
bearings with a bore diameter of 30 mm, is given in the diagram in Fig. 9.3.

The diagrams of actual contact angle α′, determined for different clearances and
ratio Fa/ZDw

2, are shown in Fig. 9.4. As the clearance and the axial component of the
operating load increase, the actual contact angle also increases. Under conditions of
extremely large clearances and axial loads, the actual contact angle can reach values
of up to approx. 25°…30°. The influence of the clearance on the contact angle is
greater in the case of lighter series of bearings. When Fa/Fr ≤ e (Eq. 9.3), then X =
1, Y = 0 and the dynamic equivalent radial load of the bearing isPr =Fr according to
Eq. 9.2. When Fa/Fr > e, then factors X and Y are determined based on the following
expressions [10]:

X = 1 − 0.4ξ

(
1 − sin α0

2.5

)−1

; Y = 0.4 cot α′
(
1 − sin α0

2.5

)−1

≥ 1 (9.5)

In Eqs. (9.5), if α° ≤ 5°, then in calculations should be used α° = 5° [10]. The
dependence of the auxiliary parameter e, as well as the load factors X and Y on the
radial clearance for DGB bearing 6206 used in this study as an example, is shown in
Fig. 9.5. The load factor X does not show a significant dependence on the clearance.
Its values are between 0.44 and 0.56. This means that in the case of a universally
loaded radial bearing, the radial load component participates with approx. half of its
value. The load factor Y cannot be less than 1, which corresponds to large clearances
and large values of the axial load component. Under these conditions, almost half
of the radial load component and the entire axial component are included in the
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Fig. 9.4 Actual contact angle versus operating internal clearance
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Fig. 9.5 Load factors X, Y and auxiliary parameter e versus operating internal clearance

dynamic equivalent load Pr. However, in cases of smaller clearances and axial load,
the axial load factor can have values of 1 < Y < 2.3 (Fig. 9.5), which means that the
contribution of axial force in the equivalent load can be multiple.
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9.4 Service Life

The standard formula for the basic life rating of a radial ball bearing is [1, 9, 10]:

L =
(
Cr

Pr

)3

=
(
1.3 fc(1 − s

0.08Dw
)0.7Z

2
3 D1.8

w

XFr + Y Fa

)3

106revolutions (9.6)

where Cr is dynamic load rating of the bearing, f c is a factor that depends on bearing
geometry parameter Dwcosα0/Dpw [1], Dpw is pitch diameter of the bearing’s ball
set.

The influence of the clearance on the service life was analyzed on the example
of the DGB bearing 6206 (Dw = 9.525 mm; Dpw = 46 mm; Z = 9). Four loading
cases are considered, so that the values of load-geometry ratio are Fa/ZDw

2 = {0.3,
1.0, 2.1, 6.9}. The radial and axial components of the load are chosen so that their
ratio is Fa/Fr = 0.6 > e. The load factors X and Y are obtained from Eq. 9.5, i.e.
from diagram in Fig. 9.5. The calculated dynamic equivalent load and service life
are given in Table 9.1

The ratio of service life of the bearing with some positive internal clearance to
the service life in the case of zero-clearance can be named as clearance life factor:

as = Ls

Ls=0
(9.7)

A diagram of the clearance life factor of DGB bearing 6206, depending on actual
operational internal clearance and load–geometry ratio is shown in Fig. 9.6. The
functions show, that the bearing’s service life is increasingwith an increase of internal
clearance and a decrease in the axial load–geometry ratio. The clearance life factor
as can reach the maximum value of approx 2.5, under conditions of large clearance (s

Table 9.1 Bearing load and service life depending on internal clearance and load-geometry ratio

6206 Fa/ZDw
2

0.3 N/mm2 1.0 N/mm2 2.1 N/mm2 6.9 N/mm2

Fa, kN 0.25 0.82 1.71 5.63

Fr, kN 0.41 1.36 2.85 9.38

Fa/ Fr 0.6 0.6 0.6 0.6

α0 s
µm

Pr
kN

L
106 rev

Pr
kN

L
106 rev

Pr
kN

L
106 rev

Pr
kN

L
106 rev

0° 2.2 0.73 18,768.8 2.03 872.8 3.84 128.9 10.88 5.7

5° 2.9 0.73 18,768.8 2.03 872.8 3.84 128.9 10.88 5.7

10° 11.6 0.62 30,164.6 1.78 1274.7 3.41 181.3 9.94 7.0

15° 26 0.53 46,071.6 1.61 1643,6 3.17 215.3 9.76 7.4
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Fig. 9.6 Clearance life
factor depending on actual
operating clearance and
load–geometry ratio
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= 26 µm) and light axial load (Fa/ZDw
2 = 0.3). Under the small values of the axial

component of load, the bearing is more sensitive to change of service life depending
on the internal clearance.

9.5 Conclusion

In the universally loaded DGB bearing, there is an axial relative displacement of the
rings due to the axial load component and the presenceof anoperational internal clear-
ance (after fitting and heating under actual operational temperature). Consequently,
the radial ball bearing becomes a ball bearing with angular contact. Because of that,
the load distribution between rolling elements is more favourable, load carrying
capacity is larger, and the service life is longer. A numerical example carried out in
this paper has shown that depending on the combination of the clearance and the
intensity of the axial load, the service life of the universally loaded DGB bearing
with internal radial clearance can be increased by more than two times in relation
to the service life of the same bearing with zero clearance. In further theoretical
research, a general model of the clearance life factor should be developed, including
the influence of operational internal radial clearance, axial load-geometry ratio and
the ratio between axial and radial load on the bearing’s service life.
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Chapter 10
Investigation of Low to Medium Load
Operating Regimes for Roller Bearings
in Heavy Industrial Equipment

Radomir Karakolev and Lubomir Dimitrov

Abstract Large spherical roller bearings are typically used in heavy low speed
industrial applications. This sort of sophisticated bearings has achieved nowadays
too high dynamic capacity, thanks to the latest modern bearing production technolo-
gies and the usage of highest quality bearing steels. Heavy industrial machines from
chemical, mining or cement plants are using such type of bearings. Modern indus-
trial plants require higher reliability of their rotating equipment thus to avoid costly
downtimes and expensive repairs. However, some heavily loaded applications still
struggle of outages. For the bearing’s selection process is typically used C [kN] basic
dynamic load rating, but one additional catalogue parameter looks very important—
Pu [kN] fatigue load limit. The ISO 281 standard does not recommend one bearing
simply to be selected just on that Pu value, rather advices more investigations to be
done how Pu could correlate to specified working conditions. In this case study will
be considered relevant raceway contact friction from rolling and micro-sliding, and
lubrication regimes, for low to medium bearing loadings of a rotary tube furnace
(kiln) support roller.

Keywords Rolling bearings · Friction · Support roller

10.1 Introduction

The fatigue load limit value Pu [kN] is relevant to bearing material. It is defined by
the bearing producers in order to be able to modify the calculated bearings lifetime
L10 according to the ISO 281:2007 by an introduced stress life modification factor
aiso [1]. ISO/TS 16281:2008 describes more advanced calculation method using also
factor aiso [2]. In this way the basic rating life methodology from R281:1947 created
by Lundberg-Palmgren considering sub-surface bearing steel fatigue [3], is adjusted
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much closer to the real working conditions: bearing rings tilting, clearance, rolling
contact surface events—lubrication film thickness, and particles contamination.

The Pu [kN] is specified from maximum Hertzian contact pressure for the most
loaded roller element σu = 1500 MPa, and for orthogonal sub-surface shear stress τu
around 350MPa.When a bearing operates under these stresses, in theory, the fatigue
can be avoided if the lubricant film completely separates the rolling elements from
the raceways, and surface distresses are excluded [1].

It is under question the bearing SKF 24168 that has a ratio C/Pu = 8.7 (Table 10.1),
usually used for heavy loaded and low speed applications, could rotate satisfactory
on a working condition between medium (C/P = 8) to low (C/P = 15) modes as
shown on [4, see pp. 112–113], thus to function below fatigue load limit Pu [kN].

For some projects, the load P [kN] can be modified and based on the preferred
bearing with specific C [kN], a good balance can be found between the load regime,
raceway contact stresses, fatigue life, friction losses and lubrication conditions,which
for heavy industrial machines such as in chemical, mining or cement plants will result
in reliable and smooth continuous rotation. The practice shows that in some cases,
spherical roller bearings operate for no more than 4–7 years, despite their signifi-
cant design capacity and calculated life. Inspections of dismantled bearings observe
significantly more contact surface wear like pitting or corrosion than spalling from
normal sub-surface fatigue. However, are there opportunities to achieve a significant
resource of production time, reduced: bearing wear; lubrication consumption, and
energy losses through low friction in the bearings? This can be discussed based on
the computational results with SKF SimPro Expert 4.4 software [5].

In the (Fig. 10.1) with a circle is shown the area of operation of roller bearings
in medium to low mode, which considers a larger factor askf (aiso), leading to 5–
20 times theoretically increased bearing life, but still as a disadvantage should be
noted its significant combined sensitivity to changes in lubrication regimes, operating
cleanliness, and load (acc. to ratio Pu/P) seen from the steep curves of the graph.
For the durability of the bearings, in such medium to low operating regimes, the
phenomena in the surface contact (raceways and rolling elements) layers will be of
interest, and not so much in the sub-surface.

10.2 Friction in Rolling Bearings and Its Sources

Most often, contact surface wear in rolling bearings is a result of an adhesion, a
relative slidingmotion or through the intervention of a third body—abrasive particles.
All of these have a contribution to the rolling friction. Therefore, the relationship of
the bearing friction moment and the load will be considered to find their optimal
acceptable values. The rolling bearings frictional moment cannot be eliminated, at
least it can be evaluated by one of its destructive components—friction by micro-
slip/slide/. In practice, the friction of rolling elements and micro-sliding motion
cannot be completely avoided even in a pure rolling condition [6]. The sliding Msl

friction moment, in fact, arises from the osculation (the ratio of the ball/rolls/ radius
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Fig. 10.1 Stress factor askf (aiso) for roller bearings considering, equivalent load P, fatigue load
limit Pu, cleanliness ηc, and lubrication regimes κ [4]

to the raceway radius) and elastic contact deformations between the rolling elements
and the raceways. An estimate of the applied load will be made against rating life and
friction losses. In this case, themicro-slip/slide/ Msl [Nm], the Slide [Nm]/Roll [Nm]
ratio, as well as the power losses created by friction Power loss [W] are considered.
A similar study was conducted and described in the publication [7], but with a focus
on high-speed rotating machines like electrical motors in contrast to the specific case
here, with components in slow-running units.

10.3 Experimental Data

The studied industrial application is a support roller (Fig. 2a–c) from a rotating tube
furnace (kiln) located in a chemical plant.
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(a)

(b) (c)

Fig. 10.2 a Support roller—general view with local normal dynamic force Fn1 = 128.6 tons, b
Support roller dimensions and c Support roller model with 2 × 24168 bearings

Only one of the two bearings of the same type are considered and the presence
of a uniform radial load (w/o axial) of the two bearings is assumed. The operating
temperature 50 °C (estimated) and speedof 15 rpmare constant for all 5 load scenarios
/modes/. (Static_3) from (Tables 10.2 and 10.3) is close to the existing designed load
of the support roller, which can be said being compact designed based on the ratio
C/P = 8. This load falls into the category moderate [4, page 116, Table 5]. From
the study, optimal results are obtained at (Static_2) case (Table 10.2) with a low to
medium mode of an operation and ratio C/P = 10.26, and Pu/P = 1.18 where the
resulting friction from local micro-slip /slide/Msl (Table 10.3) has lower value than
original design. For the friction and life calculations, the grease base oil viscosity is
the same due to the constant temperature for all modes. The rolling resistance Mrr

[Nm] is relatively independent of the load, but rather is influenced by the lubrication
regime and the rotational speed, that are kept stable for the case study (Table 10.2).

(Static_0 and _1) are low load modes of the bearing that are also acceptable by
delivering lower friction and power loses. From the results in (Table 10.3) it can
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Table 10.2 Load modes, Basic and Modified reference rating life for 24168 bearing

Load mode Dynamic
load
capacity
C [kN]

Bearing
radial load
P [kN]

Load
condition
C/P

Fatique
load limit
Pu [kN]

Pu/P Basic ref.
rating life
(ISO/TS
16281)
(L10r)
[MRev]

Modified
ref. rating
life
(ISO/TS
16281)
(L10mr)
[MRev]

Static_0 5487 285 19.26 630 2.21 15445 120970

Static_1 5487 385 14.26 630 1.64 6723 35440

Static_2 5487 535 10.26 630 1.18 2682 9596

Static_3 5487 685 8.01 630 0.92 1332 3661

Static_4 5487 835 6.57 630 0.75 755 1706

Table 10.3 Friction regimes and power losses for 24168 bearing

Load mode Friction torque sources Power loss
[W]Rolling

resistance Mrr
[Nm]

Rolling sliding
Msl [Nm]

Slide [Nm]/roll
[Nm]

Total friction
torque [Nm]

Static_0 36 45.8 1.27 81.8 128.5

Static_1 43.5 83.5 1.92 126.9 199.4

Static_2 52.3 152.6 2.92 204.9 321.9

Static_3 59.6 234.2 3.93 293.8 461.5

Static_4 66.8 322.4 4.83 389.2 611.3

be seen that change in the load has a significant nonlinear effect on the sliding Msl

friction moment, while Mrr changes insignificantly. When comparing the sliding
friction moments for different load modes, it is noticeable that Msl dominates within
the total frictionmomentM, andhence the frictional powerPower loss [W]. (Static_4)
is a much heavier load mode and the long-term operation of the bearings within it
would not be stable due to the need for an additional cooling. It is allowed for
short-term overloads or transient modes.

Comparatively, in (Table 10.2) are shown, the fatigue load limit Pu [kN] relative to
the working loads P—lowmodes are (Static_0, _1) with Pu/P= 2.21, and resp. 1.64;
design load of (Static_3) with Pu/P = 0.92, and heavier load mode (Static_4) with
Pu/P = 0.75.

Slide/Roll friction ratio (Table 10.3) are with optimal values for (Static_2) with
value 2.92, and (Static_1) with 1.92 reflecting lower potential for surface wear, than
the heavier modes with 3.93, and 4.83. One of the evaluation criteria is undoubtedly
the obtained increasedModified reference rating life (ISO_TS16281) (L10mr) [MRev].
ISO 16281 [2] is used as amore advanced than ISO 281 [1]. (Static_2)mode achieves
2.6 times higher value of rating life than (Static_3). This is due to the power factor
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10/3 from the life formula from ISO 281. For a comparison, a column with values
for (ISO_TS16281) (L10r) [MRev] has been added to the table, which shows bearing
life without considering the positive effect of lubrication, but only the subsurface
fatigue of the metal rings. The contact pressures in (Static_2) from (Fig. 10.3) have
a completely acceptable level for the most loaded rolling elements—rollers numbers
14, and 15 from each set, which may lead to long sub-surface fatigue resistance:
stresses are τ = 350 MPa, and (σ = 1400 MPa) < (σu = 1500 MPa).

On (Fig. 10.4) the most loaded rollers are those with numbers 13–17, which fall
into the narrow strip zones with a relative IR velocity slip of (±0.01) Rolling in
these local areas can cause severe damage to the contact surfaces if a sufficiently
stable oil layer with λ > 1.2 (mixed lubrication) is not provided [8]. In this case,

Fig. 10.3 Contact pressures
for the low-to-moderate
mode (static_2)

Fig. 10.4 Sliding over roll velocity conditions for all bearing rollers 1–19 on the inner ring (IR)
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Fig. 10.5 Bearing 24168
with predominant wear
within the negative velocity
slip zone

for (Static_2) mode, λ = 3 (full film lubrication) is guaranteeing complete metal-to-
metal separation, according to the type of grease LGEV 2 (viscosity of base oil 1020
cSt@40 °C), at predefined 50 °C, and speed of 15 rpm.

According to the research [9], negative velocity slip has amore negative effect than
positive slip in rolling Hertz contacts. In connection with this, a specific contact zone
in the middle of the raceway can be seen on a bearing 24168 after 37500 operating
hours (Fig. 10.5).

10.4 Conclusion

It may be concluded that the initial pitting areas, spalling andwear spots aremostly in
negative velocity sliding area. The negative velocity slipmay deteriorate the oil film,
provoke micropitting developing, in turn, enhances the negative impact of contami-
nantmicroparticles embedded in the separators ormixedwith old grease. The bearing
units of rotary kilns are usually designed without forced cooling. The outer shell of
the furnaces is heated up to 400 °C and this is a serious prerequisite for the operation
of the bearing units with elevated temperature, as they are installed in the immediate
vicinity under the tubular housing. The bearings from support rollers, working at
incredibly low speed, require the use of greases with a very high viscosity of the
base oil, which in turn drops sharply, for an example when the temperature rises
by 10–15 °C degrees. Grease EP additives do not completely solve, rather mitigate
the problems of long-term operating conditions in Hertz contacts with extensive
velocity micro-slip. Otherwise, the thickness of the lubricating layer will be reduced
and thus, the friction will increase, the rotation may become unstable, as well as not
to achieve the expected resource of the bearings from normal contact sub-surface
fatigue. In fact, this is one of the reasons to look for an optimal and stable bearing
load regime through this case, to find a balanced and controlled friction, respectively
prerequisites for avoiding overheating and wear of low-speed rolling bearings with
large dimensions.

To facilitate the design work, it could be recommended, for a given kinematic
and dimensional parameters of a shaft system for heavy slow-moving equipment, to
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optimize the structure and supporting roller locations with a choice of rolling bearing
loads P [kN], below the fatigue limit Pu [kN], e.g. Pu/P = 1.1–1.6 times.

Than for the specified size of rolling bearing, needs to be selected in details the
lubrication regime and special lubricant type, thus reducing the wear of the contact
surfaces and making a significant contribution to the long-term, reliable, profitable,
and energy-efficient operation of heavy industrial equipment.
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Chapter 11
Performance of Water Lubricated
Journal Bearings Under Elastic Contact
Conditions

Juliana Javorova and Alexandru Radulescu

Abstract Hydrodynamic journal bearings are one of the most popular bearings
used in many rotating machines. It is known that in some applications including
underwater machinery and environmentally friendly applications, water lubricated
bearings have become increasingly used. The purpose of this study is to carry out
theoretical performance analysis of hydrodynamic journal bearings lubrication using
water as a lubricating fluid, taking into account the elastic deformation of the bearing
stationary surface. The bearing bush is covered with a very thin resilient liner whose
radial distortions are of the same order of magnitude as the fluid film thickness.
The elastic deformation of the bush layer is estimated using the Winkler model of
an elastic foundation. The finite difference method is adopted for the simulation
of the characteristics of water lubricated bearing. The lubrication performance is
studied with respect to materials parameters and structural parameters. The compar-
ison results between bearings with and without consideration of the effects of the
elastic deformations, at various eccentricity ratios and aspect ratios, are presented.

Keywords Journal bearings · Water lubrication · Hydrodynamic characteristics ·
Elastic deformations

11.1 Introduction

Journal bearings are usedwidely and successfully for hundreds of years and probably
they are one of the most used machine element in our civilization.

Along with good performance bearings lubricated with oil and grease, nowadays
an increase in the use of water-lubricated bearings is observed due to continuous
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environmental concerns. This kind of bearings has found an application in ship-
building, industrial machinery and equipment, transportation industry and others [1–
4]. The researches in the field of water-lubricated bearings are focused on different
directions [5–7], as only few of them have addressed the influence of the elastic
deformations on bearing lubrication performance. In order to show this effect, in the
paper is presented the performance analysis of water lubricated journal bearings in
consideration of deformability of the elastic bearing layer.

11.2 Analysis

The configuration of the considered water lubricated plain bearing under steady
operation performance is shown in Fig. 11.1. The bearing is fully submerged in
water. It is assumed that the journal and bearing are circular and their surfaces are
smooth, the constant external load is applied in a vertical direction, the groove is
filled with a water lubricant with constant properties, and the journal rotates with a
constant angular velocity about its axis.

Since the viscosity of water is much less than typical oils and the order of the
lubricating film thickness is of micrometer, the Reynolds number of journal bearings
is commonly small when the velocity is not extremely high [8–10]. On that base, in
the current paper the laminar flow for the numerical analysis will be considered.

As a whole the process of hydrodynamic (HD) lubrication in the journal bearing
can be presented shortly by following manner [1, 8]: At a normal HD lubrication
in the bearing the journal rotates with an angular velocity under the vertical load
and finally arrives at an equilibrium position. Hydrodynamic lubrication process

Fig. 11.1 Configuration of
the journal bearing
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within a thin film of water fluid leads to generation of dynamic pressure, mainly in
the convergent zone of the bearing gap, in order to acts against the load there via
separation both surfaces (of the journal and of the bearing). In the divergent zone
of the gap the generated HD pressure terminates, because there the pressure may
drop below the value of water-cavitation pressure. The eccentricity ratio, based on
the journal eccentricity at the equilibrium position, has an important influence on
hydrodynamic performances of journal bearings with water as lubricant.

11.2.1 Reynolds Equation

The pressure generation in water-lubricated finite length journal bearing is assumed
to be governed by the Reynolds equation, presented in Cartesian coordinates, as
follows:

∂

∂x

(
h3

η

∂p

∂x

)
+ ∂

∂z

(
h3

η

∂p

∂z

)
= 6ωr

∂h

∂x
(11.1)

Here p is hydrodynamic pressure, h – fluid film thickness, η – fluid dynamic
viscosity, ω – angular velocity, r – journal radius, x, z – Cartesian rectangular
coordinates.

11.2.2 Fluid Film Thickness and Elasticity Equation

The required hydrodynamic pressure of the bearing generates in the lubricant film
between the journal and the bush. By reason of this, along with the hydrodynamic
pressure, the fluid film thickness is one of the most important parameters in the
Reynolds equation. Therefore, the fluid film thickness equation is needed to be
carefully considered in the analysis.

It is assumed that the pressure generated in the fluid film acts normally on the
bearing surfaces. All tangential forces to these surfaces are neglected. The present
analysis will take into consideration the elastic deflection of the bush liner. The other
components of the bearing and the journal will be treated as rigid.

The approach in a present study aims to superimpose the deformation of bush
layer (caused by hydrodynamic pressure generated) onto the fluid film thick-
ness. The gap thickness is then modified to account for the estimated elastic
deformation /represented by the last term of equation/ as follows:

h(x, z) = c + e cos θ + δ (11.2)



144 J. Javorova and A. Radulescu

Determination of the radial displacements of the liner’s surface points is carried
out in accordance to the plain strain hypothesis (column or Winkler model) [11–14,
etc.]:

δ = (1 + μ)(1 − 2μ)

(1 − μ)

d

E
p (11.3)

where μ is Poisson’s ratio, E – Young’s modulus, d – bearing liner thickness.
In conformity with [11, 12] the column or Winkler model is applicable for the

caseswhen lining is thin compared to the dimensions of the bearing. The applicability
of this formula for mechanical deformations is also verified by comparison with the
results obtained using a full deformation model.

11.2.3 Non-dimensional Form of Equations

For the numerical solution the above Eqs. (11.1)–(11.3) need to be represented
in dimensionless form by introducing the appropriate coordinate transforma-
tions and the corresponding non-dimensional variables according to the following
substitutions:

θ = x

R
≈ x

r
, z1 = z

L
/
2
, α = 2r

L
,

β = c

r
, ε = e

c
, H = h

c
, 
 = c2

6 ηUr
p (11.4)

where: θ – bearing circumferential coordinate, z1 – dimensionless axial coordinate,
L – bearing axial length, α – diameter to length ratio, β – clearance ratio (c =
R − r – radial clearance), ε – eccentricity ratio; H – dimensionless film thickness;

 – non-dimensional HD pressure, U = ωr – journal circumferential velocity.

After substitution of (11.4) in (11.1) the 2D Reynolds equation for pressure
distribution is obtained as:

∂

∂θ

(
H 3 ∂


∂θ

)
+ α2 ∂

∂z1

(
H 3 ∂


∂z1

)
= ∂H

∂θ
(11.5)

Film thickness Eq. (11.2) can be rendered dimensionless through the relevant
substitutions and written as:

H = 1 + ε cos θ + δ (11.6)

On the other side, the radial distortions of the bearings liner surface points, given
by Eq. (11.3), are presented in a following non-dimensional form:
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δ = 6ηωr2

c3
(1 + μ)(1 − 2μ)

(1 − μ)

d

E

 (11.7)

11.2.4 Bearing Characteristics

Integrating the steadyfilmpressure over the film region gives the steady load-carrying
capacity of the bearing, calculated by:

W =
√
W

2
1 + W

2
2 = β2

6ηωr L
W (11.8)

Here W 1 and W 2 represent the components along and perpendicular to the line
of centres and they are given respectively as:

W 1 = −
1∫

−1

2π∫
0


 cos θ dθdz1, W 2 =
1∫

−1

2π∫
0


 sin θ dθdz1 (11.9)

And the Sommerfeld number is defined as:

S = Wβ2

ηωr L
(11.10)

11.3 Boundary Conditions and Numerical Method

For pressure field in water lubricated bearings, several boundary conditions can be
used including the Reynolds, Jakobsson-Floberg-Olsson (JFO), half-Sommerfeld
and Sommerfeld boundary conditions. Generally speaking, JFO conditions take into
account the cavitation in the best way but [7] Reynolds boundary conditions are
closer to the practical engineering operations. Moreover, several numerical solutions
for pressure under the Reynolds boundary conditions, for example [7], show better
correspondencewith the published experimental results in the literature. In the current
analysis the Reynolds boundary conditions are used: – pressure at the journal bearing
axial edges is equal to zero; – pressure is equal to zero also in those zones where the
gradient of pressure in the circumferential direction becomes zero.

The presented elastohydrodynamic (EHD) problem presupposes simultaneous
solution of the Reynolds equation for the pressure distribution (11.1), film thick-
ness equation (11.2) and elasticity equation (11.3). The dimensionless modified



146 J. Javorova and A. Radulescu

Reynolds equation is solved numerically using the finite difference method. Further-
more, in order to improve the convergence rate the iterative scheme with appli-
cation of a successive over-relaxation procedure [15–18] is employed. For EHD
analysis, an iterative process is repeated until the required convergence is achieved.
The converged nodal pressures are then used to calculate the nodal displacements.
By taking into account the radial component of the nodal displacements, the film
thickness is changed to obtain the solution for the nodal pressures. Iterations are also
required to get performance characteristics for different values of the parameters
included in the elasticity equation to consider the flexibility of the bush liner. For
greater accuracy, a convergence tolerance of 10–6 is applied for all residual terms.

11.4 Results and Discussions

The presented results correspond to the steady-state HD lubrication of water journal
bearing at constant values of angular velocity and external load. The lubricant iswater
with dynamic viscosity η = 1.002 × 10–3 [Pa s]. The current analysis showed that
the effect of deformability of the bushing’ layer can be presented by the properties
of the material μ, E and the liner thickness d (the last one will be kept constant in
this study). Then, considering the mathematical model, the governing parameters are
eccentricity ratio ε, diameter to length ratio α, and elastic layer parameters μ, E. The
results are obtained for α equal to 0.5; 1.0; 1.5, whereas ε was varied from 0.1 to
0.9. The elasticity parameters are set to two different cases: E = 2.1 × 1011 [Pa], μ
= 0.25 (rigid case); E = 1.63 × 108 [Pa], μ = 0.38 (soft/elastic case).

The effect of eccentricity ratio on the pressure distribution in circumferential
direction is shown in Fig. 2a. It has been observed that the pressure profiles are
significantly different at different ε, as the maximum pressure values increase with
the eccentricity ratio increases. Moreover, the peak of pressure is visible narrower at
high eccentricity ratios.

The same effect of epsilon on the pressure values and profiles is presented in
Fig. 2b as in addition the effect of deformability of the bush layer is taken into
account. It is evident that if the radial elastic displacements are considered (soft
case), the pressure values decrease compared with rigid case, as it was normally to
expected the same tendency for both eccentricity ratio (as well as for all range of
possible values of ε). The difference between the rigid and elastic case gradually
increases with the eccentricity ratio.

The profile of fluid film thickness with variation of ε is shown in the next two
figures – Fig. 3a, b. From the first of them can be concluded that the incresing eccen-
tricity ratio leads to decreasing the minimum film thickness, as the film thickness
profile as whole is similar for all ε and differs only by values.

In Fig. 3b alongwith the effect of epsilon (rigid case), the influence of the deforma-
bility of the bush layer (soft case) is also shown. It can be observed a visible change
of the film thickness geometry at rendering into account the elastic deformations, as
it is more pronounced for the high eccentrity ratios.
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Fig. 11.2 a HD pressure distribution at different eccentricity ratios, and b Effect of layer
deformability on the pressure distribution

Fig. 11.3 a Film thickness geometry at different eccentricity ratios, and b Effect of layer
deformability on the fluid film thickness profile

Figure 4a shows the effect of diameter to length ratio α on the dimensionless load-
carrying capacityW of the bearing at several eccentricity ratios ε for the so-called in
the paper rigid case. From the results here it is clear that the load-carrying capacity
decreases with diameter to length ratio, but increases with eccentricity ratio.

The dependence of Sommerfeld number S on the eccentricity ratio ε for the
soft (elastic) case is given in Fig. 4b. It is found that the values of load-carrying
capacity coefficient S increase with increasing the eccentricity ratio, as this effect is
more pronounced for the middle and especially for the high eccentrity ratios. On the
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Fig. 11.4 a Effect of diameter to length ratio on the load-carrying capacity, and b Effect of
eccentricity ratio on the Sommerfeld number

other side, the non-dimensional Sommerfeld number decreases with the increase of
diameter to length ratio α. All above mentioned discussions regarding Fig. 4a, b are
valid as for the rigid case, as well as for the soft/elastic case.

11.5 Conclusions

In the paper the performance analysis of water lubricated journal bearings in consid-
eration of deformability of the elastic bearing layer is presented. To this end, the
Reynolds equation for HD pressure distribution is solved simultaneously with the
elasticity equation and on that base the load-carrying capacity and Sommerfeld
number are calculated. Along with the elastic layer parameters, the eccentricity ratio
is considered as an important factor that influences the bearings performances.

According to the obtained results, the following conclusions can be made: The
deformability of the bearing elastic liner leads to a visible decrease in the pressure
peak and an increase theminimumfilm thickness, as these effects aremore significant
for the softer liner materials. In result of this, the load-carrying capacity decreases
under elastic contact conditions (soft cases). On the other side, with the increase in the
eccentricity ratio, the maximum pressure increases whereas minimum film thickness
decreases. Dimensionless load-carrying capacity and Sommerfeld number increase
with the increasing in eccentricity ratio. The conclusions drown can be useful for the
design, and optimization of journal bearings.
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Chapter 12
Influence of Low Temperature
on the Pumping Rate of Radial Lip Seals

Sumbat Bekgulyan , Simon Feldmeth , and Frank Bauer

Abstract Elastomeric radial lip seals are complex tribological systems. Their
sealing performance is essentially determined by the back pumping capability of
the system. During the dynamic operation, radial lip seals can actively pump leaking
fluid back to the fluid side. For the assessment of the pumping capability and the
leak-tightness of the sealing system, the pumping rate can be used. The pumping
rate measures the pumped fluid volume per time or distance. In this paper, the influ-
ence of low operating temperatures on the pumping rate of elastomeric radial lip
seals is analysed experimentally. For this purpose, the pumping rate was measured at
different oil sump temperatures between+40 and –20 °C. The experimental analyses
were performed with radial lip seals made of nitrile rubber (NBR) and fluoro rubber
(FKM) in combination with mineral and synthetic (polyglycol and polyalphaolefin)
oils.

Keywords Radial lip seal · Pumping rate · Low temperature

12.1 Introduction

Radial lip seals are complex tribological dynamic sealing systems. In several research
works at the University of Stuttgart, e.g. [1–5], radial lip seals were evaluated using
the pumping rate. In this work, the influence of low temperatures on the pumping
rate of elastomeric radial lip seals is analysed experimentally and presented.

12.1.1 Pumping Rate of Radial Lip Seal

During the dynamic operation, the lubricant enters the contact area between the
sealing edge and the shaft. Thereby, a thin sealing gap, which is filled with lubricant,
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Fig. 12.1 Sealing mechanism of radial lip seals

is formed between the sealing edge and the shaft surface, Fig. 12.1. Due to the
different lip face angles, an asymmetric pressure distribution results in the contact
area. Additionally, the elastomer material of the sealing edge deforms elastically in
circumferential direction while sliding on the shaft surface. Mainly the combination
of these processes in the contact area results in an active back pumping capability,
which prevents the lubricant from leaking out of the sealing gap. Furthermore, there
are different operating principles explaining the back pumping capability of radial
lip seals [6, 7].

The active back pumping capability can be observed by offering oil to the radial
lip seal on the air side. The offered oil is pumped from the air side to the oil side.
The quotient of the pumped lubricant quantity and the elapsed time equals the
pumping rate, which describes the back pumping capability quantitatively. Pumping
rate measurements can show the influence of individual system parameters on the
leak tightness of radial lip seals [2–4]. There are several test methods to measure
the pumping rate of a sealing system, which are based on two measuring principles
[1–3]. Either the amount of pumped lubricant (mass or volume) for a certain period
of time (principle 1) or the time required to pump a certain amount of lubricant (prin-
ciple 2) is measured. In this work, the pumping rate is given in [μl/m] as the pumped
lubricant volume per sliding distance on the shaft surface according to Eq. (12.1),
where �m represents the mass of the pumped lubricant, D the diameter of the shaft,
�t the pumping time, ρ the density of the lubricant and n the shaft speed in rpm.

pumpingrate = �m

π · D · �t · ρ · n (12.1)

12.1.2 Effects of Low Temperature

At low temperatures, the elasticity of elastomer materials decreases as the glass
transition temperature is approached or is even passed below. Lower elasticity can
influence the back pumping capability of the radial lip seal and reduce the ability of
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the sealing lip to follow the shaft surface. As a result, even a small dynamic eccen-
tricity (dynamic run out) can cause leakage. The exact range of the glass transition
temperature depends on the actual elastomer compoundmaterial and also on the load
frequency [8]. Standards like [9] and [10] and manufacturer catalogues (e.g. [11])
provide users information on theminimum specified operating temperature for radial
lip seal materials.

Furthermore, the viscosity of the lubricant increases as operating temperature
decreases. Depending on the oil-elastomer combination, the viscosity of the lubricant
influences the pumping rate strongly [2–4]. For the minimum application temper-
ature of liquid lubricants, the pour point can be used. The pour point is the lowest
temperature at which a sample of an oil product barely flows under certain stan-
dard conditions during a cooling process. The pour point is determined according
to ISO 3016 [12] and specified in oil manufacturers’ catalogues and data collection
catalogues (e.g. [13]).

12.2 Experimental Approach

The pumping rate measurements were performed with an inversely mounted radial
lip seal by completely flooding the seal air side with lubricant, according to [3]. The
inverse assembly results in a continuous pumping of lubricant to the observed seal
oil side. The pumped lubricant is collected in a beaker and weighed. Afterwards
the pumping rate is determined by the pumped lubricant quantity and the pumping
duration according to Eq. (12.1).

Figure 12.2 shows the test rig chamber prepared for a pumping rate measurement
at low temperature. Via a control computer, different test conditions can be set.
The test shaft is driven by a motor via a drive belt. The aluminium housing walls
of the oil chamber contain heating cartridges and circulating channels filled with
cooling fluid. The oil is thus heated or cooled indirectly via a large surface without

Fig. 12.2 Test rig chamber
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being thermally damaged, even at high heating or cooling power. The oil sump
temperature is measured by a temperature sensor inside the chamber. For tests in the
low temperature range, the oil chamber was equipped with a thermal insulation to
improve the thermal efficiency. For cooling, an external temperature control system
Julabo Magnum 91 was connected to the cooling circuit of the oil chamber.

The test runs were conducted at five different oil sump temperatures. The rotating
speed and direction as well as the oil sump temperature were constant during each
test. Each test duration was 10 h. The whole test duration was used as the pumping
time for calculating the pumping rate according to Eq. (12.1). The oil chamber was
completely filled with oil. The nominal diameter of the sealing system was 80 mm.
The test shaft was rotating with 1552 revolutions per minute, which corresponds
to a circumferential speed of 6.5 m/s. Shaft sleeves made of 100Cr6 with a lead
free, plunge ground surface with a roughness Rz of 1.96–2.33 μm were used as
test shafts. Standard radial lip seals (dimensions 80 × 100 × 10 mm) with trimmed
sealing edges made of fluoro rubber 75 FKM 585 (BAUMX7) and nitrile rubber 72
NBR 902 (BAUX2) from the manufacturer Freudenberg Sealing Technologies were
used. The minimum operating temperature is –25 °C for the FKM seals and –40 °C
for the NBR seals [11].

One mineral and two synthetic reference oils were used, all of which are stan-
dardised by the FVA (German Research Association for Drive Technology). The
pour points of the oils are given in Fig. 12.3. The viscosity-temperature behaviour of
the oils was measured using a rheometer Anton Paar MRC 302 with a parallel-
plate measuring system. Figure 12.3 shows the measured viscosity-temperature
dependence. The oil viscosity decreases with increasing temperature. The dynamic
viscosity of the polyglycol oil FVA PG1 is higher than the viscosity of the polyal-
phaolefin oil FVA PAO1 and the mineral oil FVA2 at each temperature. The viscosity
of FVA2 was not measured at temperatures below –10 °C because of its pour point
at –12 °C.

The oil in the test rig chamber can be cooled to temperatures below −50 °C if
the shaft is not rotating. However, during the operation, frictional heat is generated
in the fluid, at the sealing contact and on the drive side of the shaft. The frictional
heat counteracts the performance of the temperature control system. For each oil,

Fig. 12.3 Oil data
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Table 12.1 Overview of the oil sump temperatures

Oil name Oil sump temperature (°C) Explanation

−20 −10 0 10 40

FVA2 – (*) + + + + (*)—below pour point
(**)—fluid friction to highFVA PG1 – (**) + + + +

FVA PAO1 + + + + +

preceding tests were conducted to determine the minimum oil sump temperature,
which can be maintained at the shaft speed of 1552 rpm for the entire duration of
the pumping rate measurement. For FVA2 and FVA PG1, the minimum oil sump
temperature with rotating shaft was 10 °C. For FVA PAO1 a minimum oil sump
temperature of 20 °C was achieved. The oil sump temperature was varied between
the possibleminimum temperature and 40 °C. Table 12.1 shows an overviewof the oil
sump temperatures for each oil. Two pumping rate measurements were performed
per oil-elastomer combination for each temperature. A total of 52 pumping rate
measurements were carried out.

Themost critical operating conditions are in the test with FKM seal and –20 °C, as
the application limit of the FKMmaterial is at –25 °C, [11]. To prove the functionality,
a function test was carried out with FKM seal and FVA PAO1 oil at –20 °C. Thereby,
the sealing system showed no leakage.

For each measurement a new sealing system with a new radial lip seal and a new
running track on the shaft surface was used. The seals used did not pass a running-in
period before the pumping rate was measured. Before each measurement the sealing
system was tempered to the aspired temperature while the shaft did not rotate. Then
the shaft drive was switched on and the measurement was performed.

During the tests, the temperature at the sealing edge was measured at the oil side
of the radial lip seal with a thermal imager Fluke Ti32. The emission coefficient εwas
set to 0.95. The emission coefficient might change during test runs because of the
wetting of the surface by the pumped lubricant. Therefore, themeasured temperatures
are only qualitative and should only be used as a rough indicator.

12.3 Results

The results presented in this work are partly based on the analyses conducted in the
research project [3]. Figure 12.4 shows the pumping rate as an arithmetic mean of all
measurements for each oil-elastomer combination in the oil sump temperature range
between –10 and 40 °C. This mean pumping rate indicates the level of measured
pumping rates. For both seal materials, FKM and NBR, the maximal level of the
pumping rate is achieved with FVA PG1 oil. For the FVA PAO1 and FVA2 oils, the
level of the pumping rate is similar and is significantly lower than for FVA PG1.
The higher pumping rate level for measurements with FVA PG1 can be explained
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Fig. 12.4 Influence of the
oil-elastomer combination
on the pumping rate in the
oil sump temperature range
between –10 and 40 °C

by the higher viscosity of FVA PG1. The viscosity of FVA PG1 is by a factor of 3
higher compared to FVA PAO1 and FVA2, Fig. 12.3. For NBR seals the level of the
pumping rate is slightly higher than for FKM seals with FVA PG1 and FVA2 oils.
This behaviour is within the expectations for low viscosity oils according to previous
research works [2] and [3].

12.3.1 Pumping Rates at Low Temperatures

Figure 12.5 shows the influence of the oil sump temperature on the pumping rate for
each oil-elastomer combination. For the lubricant FVA PG1 the pumping rates with
the NBR seals are slightly higher than those with the FKM seals at 0 °C and above.
Both seal types show a slight increase in the pumping rate when the temperature falls
from 40 to 0 °C. The pumping rate with the NBR seals decreases significantly with
decreasing temperature from 0 to –10 °C.

For FVA PAO1 at temperatures at –10 °C and above, the pumping rates of both
seal types are at a similar level for respective temperatures. In the case of FKM seals,
the pumping rates decreases slightly with decreasing temperature to –10 °C. From
–10 to –20 °C, an increase of pumping rate with FKM seals can be observed. For

Fig. 12.5 Influence of oil sump temperature
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NBR seals, there is a tendency to decreasing pumping rates with decreasing oil sump
temperature for the whole temperature range.

For FVA2 oil at temperatures at 10 °C and below, the pumping rates measured
with FKM seals are slightly lower than with NBR seals. The FKM seals show a
slightly decreasing pumping rate over the whole temperature range with decreasing
oil sump temperature. The pumping rates for NBR seals are approximately at the
same level for each temperature.

12.3.2 Temperature at the Sealing Edge

Figure 12.6 shows the highest temperatures measured at the sealing edge for each oil
depending on the oil sump temperature. The temperatures at the sealing edge are at the
same level for both sealing typeswith the corresponding oils and at the corresponding
oil sump temperatures. The temperature at the sealing edge is much higher as in the
oil sump and determines the viscosity of the fluid during the pumping. The fluid
viscosity influences the pumping rate strongly [2–4]. Therefore, the temperature at
the sealing edge is an important parameter for fluid pumping.

The viscosity of the oils decreases considerably by increasing the oil sump temper-
ature by 50 K between –10 and 40 °C, Fig. 12.3. For FVA PG1 and FVA2, a decrease
in viscosity by a factor of about 20 can be observed. With FVA PAO1 the viscosity
decreases only by a factor of about 13. Assuming a large change in viscosity due
to the variation of the oil sump temperature, large changes in pumping rates would
be expected. However, actual measured pumping rates show rather small changes
depending on the oil sump temperature, Fig. 12.5.

As soon as the shaft starts rotating, frictional heat between the shaft and the sealing
edge results in a higher temperature at the seal contact area compared to the oil sump
temperature. The highest temperature at the sealing edge varies in the range between
40 and 70 °C, Fig. 12.6. For all test runs with the same oil, the temperature difference
at the sealing edge is less than 23 K and thus less than half of the difference in the oil
sump temperature. Therefore, the viscosity change at the sealing edge is much lower
than in the oil sump. Within the measured temperature range at the sealing edge, the

Fig. 12.6 Temperature at
the sealing edge
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viscosity only changes by a factor of approximately 2, Fig. 12.3. Thus, the viscosity
change at the sealing edge and its influence on the pumping rate is much lower than
indicated by the oil sump temperature.

12.4 Conclusion

The pumping behaviour of radial lip seals at low temperatures was analysed. For
this purpose, pumping rate measurements were carried out at oil sump temperatures
between 40 and –20 °C. The experimental analyses were conducted for six oil-
elastomer combinations. Depending on the oil sump temperature, slight changes in
the pumping rate were observed. The pumping rates with mineral oil FVA2 and
polyalphaolefin oil FVA PAO1 are at a similar level as well as their viscosities.
The viscosity of the polyglycol oil FVA PG1 and the pumping rates measured with
FVA PG1 are higher than for FVA2 and FVA PAO1.

During a pumping rate measurement, the contact area between the rotating shaft
and the sealing edge heats up due to frictional heat. This results in a higher temper-
ature in the seal contact area compared to the oil sump. At the sealing edge, the
temperature variation and thus the change in viscosity is much lower compared to
the oil sump. This might explain, why the influence of the oil sump temperature
on the pumping rate is lower than expected. In addition, the thermo-viscoelastic
behaviour of the elastomer might influence the pumping rate. The elastomer elas-
ticity decreases with decreasing temperature. According to the common operating
principles [7], this reduces the pumping rate as well. Therefore, the influences of
fluid viscosity and elastomer elasticity on the pumping rate counteracts each other
and might be responsible for nearly constant pumping rates in the analysed range of
the oil sump temperature.

Further measurements could be performed to analyse the pumping behaviour of
radial lip seals at low temperatures. For example, even lower temperatures in the
sealing contact might be achieved by using oils with lower viscosity and a lower
viscosity-temperature dependency as well as a more efficient temperature control
system in combination with a cooled shaft.
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e.V. (FVA) was funded by the AiF as a support of the Industrielle Gemeinschaftsforschung (IGF,
Industrial Collective Research) by the Federal Ministry for Economics Affairs and Energy on the
basis of a decision by the German Bundestag.



12 Influence of Low Temperature … 159

References

1. Remppis, M., Bauer, F., Haas, W.: Measurement of the pump rate of radial lip seals during
long term tests. In: Proceedings of the VII Iberian Conference on Tribology, IBERTRIB 2013,
Porto, pp. 94–95 (2013)

2. Remppis, M.: Untersuchungen zum Förderverhalten von Dichtsystemen mit Radial-
Wellendichtringen aus Elastomer. PhD Thesis, University of Stuttgart (2016)

3. Bekgulyan, S., Bauer, F., Haas, W.: Rechnerische Abschätzung der Dichtgüte von Radial-
Wellendichtringen durch Kenntnis der Systemparametereinflüsse II. Abschlussbericht, FVA,
Forschungsvorhaben Nr. 617 II, FVA-Heft 1259, IGF-Nr. 17938 N/1, Frankfurt/Main (2017)

4. Bekgulyan, S., Feldmeth, S., Bauer, F.: Influence of static and dynamic eccentricity on the
pumping rate of radial lip seals. In: Proceedings of the 25th International Conference on Fluid
Sealing, BHR Group, Manchester, pp. 79–91 (2020)

5. Sommer, M., Haas, W.: A new approach on grease tribology in sealing technology: influence
of the thickener particles. Tribol. Int. 103, 574–583 (2016)

6. Müller, H.K., Nau, B.S.: Fluid Sealing Technology. Principles and Applictions. M. Dekker,
New York (1998)

7. Bauer, F.: Federvorgespannte-Elastomer-Radial-Wellendichtungen. Grundlagen der
Tribologie & Dichtungstechnik, Funktion und Schadensanalyse. Springer Vieweg (2021)

8. Jaunich, M.: Tieftemperaturverhalten von Elastomeren im Dichtungseinsatz. PhD Thesis,
Technische Universität, Berlin (2012)

9. DIN 3760: Rotary shaft lip type seals, September 1996
10. DIN 3761-2: Rotary shaft lip seals for automobiles; applications, November 1983
11. Freudenberg Sealing Technologies GmbH & Co. KG: Simmerring and Rotary Seals—Catalog

(FNST)—Vol. 11. Weinheim (2015)
12. ISO 3016:2019: Petroleum and related products from natural or synthetic sources—Determi-

nation of pour point
13. FVA-Heft 660: Referenzölkatalog. Datensammlung, May 2007



Chapter 13
Design of an Automated Handling System

Pavol Varga and Andrej Smelík

Abstract This work deals with the design of an automated handling system for
a project from the company Microstep. The first part of the work is a theoretical
basis for the design of a machine vision system and manipulation effector, the basic
components of an automated manipulation system. First, it acquaints the reader
with basic information about machine vision and the advantages and disadvantages
of its use. Secondly, it describes the possibilities of using SV in industry, the basic
components ofmachine vision and their principles of their operation and an overview
of available technologies in this area. It also describes various types of manipulation
effectors, realized projects using machine vision for manipulation. Subsequently, the
design of suction cup handling effector, design of stands for cameras and accessories,
design of intermediate storage and sorting, selection of machine vision components
and the principle of operation and control of the handling system are described.

Keywords Handling system · Automation system · Laser machine · Sorting

13.1 Introduction

The paper deals the design of an automated line (Fig. 13.1) for the production of
segments of steel structures. The production line consists of several modules or
functional units to which various technological and handling activities belong. The
whole system according to Fig. 13.2 consists of amachine for the production of flange
parts 1, a robotic handling unit 2 for removing and sorting parts produced by this
machine, a robotic system 3 which provides automatic assembly with welding and
an automatic machine which ensures insertion of the profile blank into the drilling
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Fig. 13.1 Input—3D model of an automated line

Fig. 13.2 The automated production line

part by means of a sliding unit 5. 4, subsequently to the cutting part 6 and from there
after cutting to the handling part 7 [1].

The result of the project should be products representing separate machines and
in various assemblies representing a comprehensively automated production cell for
the production of segments of steel structures. Therefore, it is necessary to design a
flexible handling/sorting a system that easily adapts to different configurations [2].

The part of the line which is the subject of the solution is shown in Fig. 13.2
bordered by a red rectangle. It is a part in which it is necessary to solve handling
tasks—removal and sorting of flanged parts of different shapes and sizes from the
conveyor to a possible intermediate storage and their exact location in the desired
position with respect to the profile to which they will be by welding robot welded
[3].
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13.2 Handling Head with Vacuum Cups

For the handling of flanges, an effector was designed using a vacuum cup gripping
technique (Fig. 13.3), which is a proven tool for handling steel sheets. The parameters
for the design of the suction head from the given project were the dimensions of steel
flanges in a combination of flange sizes (500 × 500 × 30) mm to (200 × 200 ×
15) mm. The problem of holding such a large dimensional range of objects, using
only one effector, has been solved by designing a mechanism that allows the suction
cups to be positioned with respect to the dimensions of the object being manipulated.
Using vacuum cups of two different diameters. The positioning of the suction cups is
based on measuring the position and dimensions of the sheets by means of machine
vision.

The head contains a movable mechanism for positioning the suction cups. The
mechanism consists of an electric motor driving a moving ball screw mounted in
bearings, along which the ball nut moves. On the motor side—Rexroth, there are
double-row angular contact ball bearings, where on one side the inner ring of the
bearing is fitted with a ball screw and on the other side a nut is screwed on the thread
of the ball screw creating a preload. On the other side is a clamping sleeve with a
ball bearing. A circular flange with holes for guide rods is attached to the ball nut,
around the perimeter of which 6 hinges are evenly attached. A lock nut is attached to
the ball nut from the bottom. In the event that the balls come loose and fall out, the
lock nut will jam and prevent the ball nut from falling and damaging the mechanism.
Suction cups with a diameter of φ80 mm (Fig. 13.4) are each mounted separately in
a hinge holder.

The hinges on the holders are individually connected to the hinges on the ball
nut by rods to form two joints. The suction cup holders are housed in the radial
grooves of the lower support ring plate, between two sliding washers fixed by a nut
which is screwed onto the outer thread of the holder so that the holders can move
along the groove. Suction cups with a diameter of φ60 mm are mounted in separate
holders, which are placed in the grooves in a similar way as larger suction cups. The

Fig. 13.3 Handling head with vacuum cups
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Fig. 13.4 Maximum span of vacuum cup (left) and minimum span of vacuum cup (right)

movement of the smaller suction cups is derived from the movement of the larger
suction cups, to which they are connected by means of a ball rail guide. The bevel
gear allows the motor to be placed perpendicular to the moving screw, four guide
rods in which the ball nut is mounted, 6 support rods made of rectangular profiles,
which reinforce the structure and vacuum components are attached to it and there is
a flange on top for fastening to the ABB robot IRB 4600 via screws. The head also
contains a holder for the motor, 4 support columns, a bearing housing and holders
for holding vacuum components [4–6].

13.2.1 Design of Structural Parts of the Device

The parameters of the motor, bolts and washers interact. The selected stepper motor
type is commonlyused in positioningmechanisms.This type ofmotor is controlled by
means of electrical pulses, where the position of the motor shaft is given the number
of electrical pulses and the speed depend on the pulse frequency. The disadvantage of
the stepper motor is the relatively low torque, which decreases rapidly from a certain
increasing value of the pulse frequency. For stepper motors, it exists worldwide
extended standard NEMA (National Electrical Manufacturers Association), which
determines the size of the motor resp. the size of the motor mounting flange and the
motor torque. This motor is also supplied with an electromagnetic brake that holds
the load in vertical applications when themotor is at rest. The size of themotor torque
Mk depends on the weight of the load and the external force. The weight of the load
consists of the weight of the bolt, flange, hinges and bolts. Any external force that
must be overcome by the motor torque to move the mechanism is the frictional force
between the suction cup holders and the support plate.

To calculate the friction force, it is necessary to make a static decomposition of
forces in themechanism. In the calculation, we do not consider the gravitational force
from the weight of the rod (Fig. 13.5). Hinges are represented by rotating bonds [7].
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Fig. 13.5 Kinematic scheme of the mechanism, Fp—power from the drive, Fg1— gravitational
force from the weight of the screw, flange …, Fg2—gravitational force from the weight of the
vacuum cup, holder …, 1—base body, 2—ball nut, 3—drawbar, 4—suction cup, A, C—sliding
bonds, B, D—rotational bonds

The movement of the nut on the screw and the movement of the vacuum cup in the
groove is represented by sliding links.

Equilibrium equation:

x :
∑

Fx = O = Fbx − Fan � Fbx = Fan (13.1)

y :
∑

Fy = 0 = Fp − Fg1 − Fby � Fby = Fp − Fg1 (13.2)

z :
∑

M = 0 = Ma = 0 (13.3)

x :
∑

Fx = O = −Fbx + Fcx � Fbx = Fcx (13.4)

y :
∑

Fy = 0 = Fby − Fcy = 0 � Fby = Fcy (13.5)

z :
∑

Fz = 0 = −Fby · d · cosα + Fbx · d · sinα � Fbx = Fby · cosα
sinα

(13.6)

x :
∑

Fx = O = Fcn − Fcx � Fcx = Fcx (13.7)

y :
∑

Fy = 0 = Fcy − Fg2 − Fdn � Fdn = Fcy − Fg2 (13.8)

z :
∑

M = 0 = Md = 0 (13.9)
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Table 13.1 Values for selection and inspection of motor, ball screw and sliding materials

P (mm) Fp (N) tm (s) F1 (N) F2 (N) Fdn (N) f0max (N) s

5 565.49 16.8 554.4 382.45 551.85 0.12 3.62

5 565.49 16.8 554.4 2143.71 551.85 0.65 3.62

10 282.74 8.4 271.65 187.4 269.10 0.12 3.42

10 282.74 8.4 271.65 1050.39 269.10 0.65 3.42

16 176.71 5.25 165.62 114.25 163.07 0.12 3.23

16 176.71 5.25 165.62 640.41 163.07 0.65 3.23

The value of the length of the drawbar d is truncated in the equations, so we do
not state it. The magnitude of the reactions depends on the angle α that the animal
pulled with the support plate. I calculate the reactions in the extreme positions of the
mechanism, where αmax = 55.4° and αmin = 14.5°. It follows from Table 13.1 that
αmax is decisive for the calculation of the motor, because in this position a smaller
force Fcx = F2 arises, which moves the mechanism.

The direction of the force Fp depends on the direction of rotation of the ball screw.
The magnitude of the force Fp arises from the transformation of the engine torque
into a ball screw-ball nut pair:

Fp = Mk.2.π.η, 1000

P
(13.10)

The path between the extreme positions of the mechanism is 140 mm. In addition
to the path and pitch P, this time tm also depends on the engine speed. For the NEMA
17 engine, I choose a speed value n = 100 rpm, which has the corresponding torque
Mk = 0.5 Nm.

13.3 Strength Analysis

Strength analysis was performed using FEM simulation in Solidworks. The size of
the load was chosen with respect to the maximum weight of the steel flange (500
× 500 × 30) mm, which weighs 58.5 kg. This mass creates a loading force F =
573.89 N. For the connection of the contact surfaces of the suction cup holders and
the support plate, we have defined the contact set as a bonded connection.
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Fig. 13.6 Displacements at horizontal load in the direction of force 2

Table 13.2 Results of simulation under load in the horizontal direction

Direction of force Stress (MPa) Displacement (mm) Deformation Safety

1 78.7296 0.142382 0.000245 3.8861

2 0.150246 0.000235

3 0.138867 0.000226

4 0.119856 0.000226

13.3.1 Load in Horizontal Direction

The head can enter this type of load while holding the flange in the welding process.
In the horizontal direction (Fig. 13.6), I do the calculation at four angular rotations
of force, because the construction of the head is not axially symmetrical.

In Table 13.2, themaximumvalues are recorded individual simulation results. The
largest displacement occurswhen the load is in direction 2. The highest stresses under
horizontal loading occur in the support columns and bolts due to the bendingmoment.
The displacement is greatest at the bottom of the plate and gradually decreases
upwards. The offset value at the upper end of the ball screw at the connection point
of the bevel gear for connecting the drive is 0.023 mm.

13.3.2 Load in the Vertical Direction

Loading in the vertical direction is the most common way of loading the head. The
load in the vertical direction is checked in the extreme positions and in the middle
position of the mechanism. The largest displacement occurs in the extreme position
when the suction cups are closest to each other (Fig. 13.7). When loaded, the plate
bends with a maximum value of 0.06 mm (Table 13.3). There must be sufficient
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Fig. 13.7 Displacements under vertical loadwhen the suction cups are loaded in the position closest
to each other

Table 13.3 Results of simulation under loading in the vertical direction

Direction of force Stress (MPa) Displacement (mm) Deformation Safety

Midpoint 78.730 0.0578 0.00023 3.886

Vacuum cups closest to each
other

0.0615 0.000227

Vacuum cups furthest apart 0.0443 0.000232

clearance in the hinges, given the value of the displacement, to allow the suction cup
holders to rest on the plate, thus eliminating the stress on the positioning mechanism.

Based on the results of the strength analysis, it can be stated that the proposed
structure is satisfactory. A pneumatic circuit and electrical connectionwere designed.
The next step is the creation of drawing documentation for the production of the
robot’s positioning head.

13.4 Conclusion

A structural design of the handling head was made using a suction cup gripping
technique, which is flexible for the dimensional range of manipulated objects—steel
flanges. The effector contains a kinematic mechanism for positioning the suction
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cups, based on a ball screw. The operation of the control subsystem, which controls
the position of the mechanism and the active branch of the suction cups, is based on
obtaining information through machine vision.

Acknowledgements The research presented in this paper is an outcome of the project LACUT
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Chapter 14
Analysis of Two-Stage Cycloid Speed
Reducers Dimensions and Efficiency

Milos Matejic , Vladimir Goluza, Milan Vasic, and Mirko Blagojevic

Abstract Cycloid speed reducers are characterized by good working characteristics
such as very compact design, low level of noise and vibration, wide range of trans-
mission ratios, very reliable operation in conditions of dynamic loads, high level
of efficiency, etc. All these listed operating characteristics give them an advantage
over conventional speed reducers. Of these good features, the extremely compact
design and high efficiency stands out. In this paper, a comparative analysis of the
dimensions of a conventional and new concept of two-stage cycloid speed reducer is
performed. A comparison was made of the total: length, width, height and volume.
A comparative analysis of the efficiency according to the Kudrijavcev method was
performed as well. The method of determining the efficiency was adapted so that
it could be used in determination in the new concept of a two-stage cycloid speed
reducer. At the end of the paper, conclusions are drawn and further directions of
research are suggested.

Keywords Two-stage cycloid speed reducer · Overall dimensions · Efficiency

14.1 Introduction

Cycloid power transmission gearboxes can be used both as reducers and as multi-
pliers. Their possibility of application as a reducer has beenmuch researched through
various scientific and practical papers, while their possibility of application as a
multiplier is still insufficiently investigated. During the last decades, cycloid speed
reducers have found a very wide application in engineering practice. Cycloid speed
reducer have awide range of very good performance characteristics. Themost promi-
nent goodworking characteristics of cycloid speed reducers are very compact design,
low level of noise and vibration, wide range of transmission rations, very reliable
operation in conditions of dynamic loads, high level efficiency, etc. All these good
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performance characteristics give them a slight advantage over conventional gear-
boxes. Cycloid speed reducers are used in robots, satellites, manipulation devices,
crane machines, conveyors, mixers of high viscosity materials, renewable energy
sources (wind generators, mini hydro power plants…), etc. In addition to the fact
that these gearboxes belong to the new generation of mechanical power transmis-
sions, their price is in range with conventional mechanical power transmissions.
The price aspect is very important when choosing gearboxes in the power source-
transmission-machine chain, so it has enabled cycloid speed reducers to become very
competitive with conventional gearboxes.

Dimensions and efficiency of cycloid speed reducers are certainly one of the most
important aspects in their design. The first mathematical model for determining the
efficiency, in several different ways and for several different conceptions, was defined
by Kudrijavcev [1]. Malhotra and Parameswaran [2] made significant improvements
to Kudrijavcev’s model for determining the efficiency in cycloid speed reducers, but
only for one concept. Gorla et al. [3] performed a comparative analysis of exper-
imental and theoretical determination of the cycloid speed reducer efficiency, and
then made a newmathematical model for the concept presented in that paper. As part
of his doctoral dissertation, Blagojevic [4] developed an algorithm for determining
the forces, which are acting on the cycloid gear. Blagojevic et al. [5] conducted a
study of the influence of friction that occurs in the contact of cycloid gears and corre-
sponding rollers on the cycloid speed reducer efficiency. Mackic et al. [6] analyzed
the design parameters influence on cycloid reducer efficiency. Blagojevic et al. [7]
made a comparative analytical and experimental analysis of the cycloid speed reducer
efficiency, which is mostly made of plastic elements. In his doctoral thesis, Matejic
[8] theoretically elaborated on the three most well-known methods for determining
cycloid reducer efficiency: according to Kudrijavcev, according to Malhotra and
according to Gorla. Matejic et al. [9] performed a comparative analysis of obtaining
the cycloid speed reducers efficiency according to the three previously mentioned
methods. In [10], an analysis of the new concept cycloid speed reducer efficiency is
conducted in dependence on different input parameters (power, angular speed and
transmission ratio) was performed. Vasic et al. [11] performed a comparative analysis
of the efficiency of classical cycloid speed reducer concept depending on the input
parameters variation. In his bachelor thesis, Goluza [12] dealt with the design of a
two-stage cycloid speed reducer of the classical concept. In almost all the mentioned
sources, in addition to the theoretical efficiency, its experimental verificationwas also
performed. The differences between theoretical models and experimental research
are not significant, so all these theoretical models can be used with a high level of
confidence.

In this paper, a comparative analysis of the dimensions of a conventional two-
stage cycloid speed reducer and a two-stage cycloid speed reducer of a new concept
is performed. A comparison was made of the total: length, width, height and volume.
The graphical interpretation of results is very clearly presented. A comparative anal-
ysis of the efficiency according to the Kudrijavcev method was performed as well.
The method of determining the efficiency was adapted so that it could be used for
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determination of the new two-stage cycloid speed reducer efficiency. At the end
of the paper, conclusions are drawn and possible further directions of research are
suggested.

14.2 Two-Stage Cycloid Reducer Concepts

In addition to conventional, planetary and wave reducers, cycloid speed reducers are
increasingly used in modern machine systems. Their usage is especially pronounced
when it is necessary to achieve large transmission ratios in combinationwith high effi-
ciency, e.g. at the robot. The use of cycloid speed reducers has experienced expansion
due to the excellent performance characteristics:

– They have a very long and reliable service life. This is a direct consequence of
the quality materials selection for manufacturing vital elements, precise manu-
facturing, very strict quality control and careful installation. Another reason for a
reliable and long service life is the absence of sliding friction in meshing of the
cycloid gear and ring gear.

– They have a wide range of transmission ratios. The transmission ratio at one gear
of the cycloid speed reducer is equal to the number of teeth of the cycloid gear.
This feature opens up opportunities for achieving various values of transmission
ratios. For single-stage cycloid speed reducers, the value of the transmission ratio
ranges from i = 3 to i = 119. For two-stage cycloid speed reducers, themaximum
value of the transmission ratio is i = 1192.

– They are very reliable in conditions of pronounced dynamic loads. For classical
concepts of cycloid speed reducers, two or more cycloid gears rotated by an angle
of 180° are used per transmission stage. Due to this design solution, the centrifugal
forces in the cycloid speed reducers are mutually reciprocating, so this gearbox
is very suitable for operation where frequent starting and stopping of the system
is required.

– They have a very high efficiency. In most cycloid speed reducer concepts, sliding
friction is replaced by rolling friction, so these mechanical power transmissions
achieve very high efficiency. In single-stage cycloid speed reducers, the efficiency
is around 95%, while in two-stage cycloid speed reducers efficiency levels it is
approximately 85%, [4, 8, 9].

– Cycloid speed reducers has a lower mass properties compared to other types of
gearboxes. This good characteristic is achieved thanks to the very compact design.
Themass of cycloid speed reducers is significantly smaller related to conventional
types of multi-stage reducers. In addition, their overall dimensions are smaller,
so it is possible to install them where there are significant spatial limitations.

In the continuation of this chapter, descriptions of the classical concept of a two-
stage cycloid speed reducer will be given as well as the new concept of a two-stage
cycloid speed reducer.
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Fig. 14.1 Conventional
concept of two-stage cycloid
speed reducer

14.2.1 Conventional Concept of Two-Stage Cycloid Speed
Reducer

The classical conception of a two-stage cycloid speed reducer consists of two coaxial
single-stage cycloid speed reducers. The output shaft of the first stage is also the input
shaft of the second stage. In practice, these reducers are made with transmission
ratios from i = 104 to i = 731, [13]. As previously stated, it is theoretically possible
to achieve a transmission ratio up to i = 1192. In practice, such solutions are not
performing in two reasons. The first reason is that the need for such transmission
ratios is quite rare. The second reason is that the increase in transmission ratios
according to the transmission stage, due to the complex and precise construction,
has an great impact on the total price increase. If there were a need for such large
gear ratios, it would be much more cost-effective to make a three-stage cycloid speed
reducer whose stages would have lower transmission ratio values. Figure 14.1 shows
the classical concept of a two-stage cycloid speed reducer.

14.2.2 New Concept of Two-Stage Cycloid Speed Reducer

With the new concept of cycloid speed reducers [4], a big step forward was made in
the design of cycloid reducers. The biggest difference related to classic cycloid speed
reducers is that in this new concept of a two-stage cycloid speed reducer uses one
cycloid gear per transmission stage. For the dynamic balancing of this cycloid speed
reducers concept, a similar principle was used as in the classical concepts. Namely,
the cycloid gears of the first and second transmission stage are rotated in relation
to the other by an angle of 180°. By using this principle, the compactness of the
two-stage cycloid speed reducer was significantly increased, which directly affected
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Fig. 14.2 New concept of
two-stage cycloid speed
reducer

the reduction of its mass and overall dimensions. Unlike the two-stage cycloid speed
reducer of the classical concept, where the output shaft of the first transmission
stage is also the input shaft of the second transmission stage, the new two-stage
cycloid speed reducer concept has gears for both transmission stages on the same
shaft. This shaft is the drive shaft for the first cycloid gear, while in the second
transmission stage it only used gear nesting. The drive for the second transmission
stage is obtained through a central mechanism, which is also the output mechanism
of the first transmission stage. In this concept, the output torque is obtained on the
ring gear of the second transmission stage, unlike the classic concept of a two-stage
cycloid speed reducer, is movable and has an output shaft on it. Figure 14.2 shows a
two-stage cycloid speed reducer of a new concept with an insight into its interior.

Since the new concept of a two-stage cycloid speed reducer uses one cycloid
gear per transmission stage, the working principle described above is much more
complex. A detailed description of the working principles of the presented new
concept of two-stage cycloid speed reducer is presented in the literature [4].

14.3 Comparative Analysis of Cycloid Speed Reducers
Overall Dimensions

In order to make an accurate comparison of the two-stage cycloid speed reducer of
the classical and new concept, a complete design of both concepts with the same
operating characteristics was performed. The operating characteristics of the two-
stage cycloid speed reducers used in this research are given in Table 14.1.

One of the most important characteristics of reducers in general is certainly their
overall dimensions. Figure 14.3 shows a comparative view of the length and height
of a two-stage cycloid speed reducer of the classical and new concept. Figure 14.4
shows a comparative view of the height and width of the classical and new concepts
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Table 14.1 Working
characteristics of two-stage
cycloid reducers

Name Designation,
unit

Classic
concept

New concept

Input power P, kW 2.53 2.53

Input RPM n, min−1 750 750

Total
transmission
ratio

i, ul 121 121

Partial
transmission
ratio-1

i1, ul 11 11

Partial
transmission
ratio-2

i2, ul 11 11

Dividing circle
radius-1

r1, mm 70 130

Dividing circle
radius-2

r2, mm 130 130

Fig. 14.3 Comparative
characteristics of the length
and height of two-stage
cycloid speed reducer of the
classical and new concept

of two-stage cycloid speed reducer. Figure 14.5 shows a comparative representation
of the volume characteristics of the classical and new concept of a two-stage cycloid
speed reducer.

According to the design of both two-stage cycloid speed reducers, their masses
were determined. The mass of the classic concept of a two-stage cycloid speed
reducer is about 230 kg, while the mass of the new concept is about 180 kg. Table
14.2 shows the comparative characteristics of dimensions, mass and volume of a
two-stage cycloid speed reducer of the conventional and new concept.
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Fig. 14.4 Comparative characteristics of width and height of two-stage cycloid speed reducers of
classical and new concept

Fig. 14.5 Comparative view of the volume of the classical and new concept of cycloid speed
reducers
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Table 14.2 Comparative
characteristics of dimensions,
mass and volume of the
volume of the classical and
new concept of cycloid speed
reducers

Name Unit Classic concept New concept

Overall length mm 653 427

Overall height mm 540 540

Overall width mm 510 440

Input shaft
diameter

mm 20 20

Output shaft
diameter

mm 80 80

Shaft height mm 250 250

Volume dm3 125 61

Mass kg 230 180

14.4 Comparative Efficiency Analysis Between
Conventional and New Concept According
to Kudrijavcev’s Method

Analysis of the efficiency in cycloid speed reducers is a very complex task from both
scientific and practical aspects. The first and certainly one of the most acceptable
models for determining the efficiency in different conceptswas given byKudrijavcev,
[1]. His mathematical model for determining the efficiency is based on determining
the losses in the interaction of the following elements:

– Power loss due to friction between the rollers and the ring gear pins, or between the
ring gear rollers and the cycloid gear teeth.A lower friction coefficient (roller-shaft
or roller-cycloid-gear) is taken to calculate the efficiency. In the most concepts,
the ring gear rollers are mounted directly on the shafts. Since the number of
these contacts is large, the biggest power losses occur here due to sliding friction.
The greatest influence on power losses has shaft diameter (inner diameter of the
roller), sliding friction coefficient, sliding speed and normal force. This power
loss coefficient is designated by ψ1.

– Power loss due to rolling friction between the output rollers and the opening in
the cycloid gear, or due to friction between the output rollers and the output pins.
Here, a lower coefficient of friction (output roller-shaft or output roller-cycloid
gear) is used to calculate the efficiency. This power loss coefficient is designated
by ψ2.

– Power loss due to friction in the cycloid gear bearing located on the eccentric cam.
This loss depends on the size and type of bearing, the size of the rolling elements
in bearing, the coefficient of rolling friction in the bearing, the force magnitude
on the eccentric cam and the angular velocity. This power loss can be quite large
depending on the size of the eccentric bearing. The power loss coefficient in the
eccentric bearing is designated by ψ3.
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The total power loss coefficient ψ is calculated as the sum of the previously
described losses and is represented by Eq. (14.1):

ψ = ψ1 + ψ2 + ψ3 (14.1)

Efficiency calculation per one transmission stage ηI is given by Eq. (14.2):

ηI = 1− ψI

1+ z1ψI
(14.2)

Total efficiency calculation η of conventional two-stage cycloid reducer is given
by Eq. (14.3):

η = ηI · ηI I = 1− ψI

1+ z1ψI
· 1− ψI I

1+ z2ψI I
(14.3)

Total efficiency calculation η of the new concept of two-stage cycloid reducer is
given by Eq. (14.4):

η = ηI · ηI I = 1− ψI

1+ z1ψI
· 1− ψI I

1+ z1ψI I
(14.4)

A detailed procedure for determining the efficiency according to this method is
described in [7–9]. According to the previously described procedure, the efficiency
was determined for both the classical and the new concept of a two-stage cycloid
speed reducer according to the done design. Partial loss coefficients are shown in
Table 14.3.

When the total efficiency levels are calculated, it is obtained that the two-stage
cycloid speed reducer of the classical concept has a efficiency of η = 0.79, while the
two-stage cycloid speed reducer of the new concept has η = 0.782.

Table 14.3 Partial power losses coefficients in the classical and in the new concept of two-stage
cycloid speed reducer

Classic concept of two-stage cycloid speed reducer ηCR = 0.79

ψ1 ψ2 ψ3 ψ η

1. Transmission stage 0.0047 0.0042 0.0021 0.0110 0.882

2. Transmission stage 0.0067 0.0036 0.0024 0.0127 0.887

New concept of two-stage cycloid speed reducer ηCR = 0.782

ψ1 ψ2 ψ3 ψ η

1. Transmission stage 0.00405 0.004 0.002 0.01005 0.891

2. Transmission stage 0.00525 0.003 0.002 0.01025 0.889
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14.5 Conclusions

This paper describes two concepts of two-stage cycloid speed reducers. The classical
and new concept of cycloid speed reducers are described. The classical concept of
a cycloid speed reducer consists of two single-stage coaxial cycloid speed reducers
in which the output shaft of the first transmission stage is also the input shaft of the
second transmission stage. The classic concept has two gears per transmission stage.
The new two-stage cycloid speed reducer concept has one gear per transmission stage
and the output torque is transmitted to the ring gear of the second transmissions stage.

The total length of the conventional two-stage cycloid speed reducer concept is
about 34% longer than the new concept. The width of the classical concept is, as
well about 14% larger than the new concept. The height of the classic concept is
4% lower than the new concept. If the volume of the body of the cycloid speed
reducer is observed, the volume of the new concept is about 52% smaller related to
the classical concept of the two-stage cycloid speed reducer. The mass of the new
concept is about 21% less than the classical concept. From the aspect of geometric
and mass characteristics, it is concluded that the usage of the new concept would
lead to significant savings in the space required for the installation of a two-stage
cycloid speed reducer, as well as significant savings in material.

The efficiency of the classical concept of a two-stage cycloid speed reducer is only
about 1% higher related to the new concept, according to Kudrijavcev’s method.
According to the results presented in this paper, the new concept has significant
advantages over the classical concept of a two-stage cycloid speed reducer. However,
during the design, possible problems were noticed in the eventual usage of the new
concept, such as more demanding, precise, and thus more complicated production,
greater complexity of vital elements, which entails difficult installation, etc. All this
would lead to a higher cost of manufacturing a new concept.

In further research, the plan is tomake both cycloid speed reducers, the classic and
new concepts, and to make a comparative analysis of the required time of production
and installation. In addition, after the development, an experimental verification of
the efficiency of analytically obtained results is planned.
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Chapter 15
Balancing Rotating Parts. A New Method
and Device

Mircea-Viorel Dragoi , Marius Daniel Nasulea , Milos Matejic ,
and Gheorghe Oancea

Abstract Rotating parts affected by an eccentricity create problems in a proper
working of the entire ensemble that contains such parts. Since eccentricity, even if a
very small one exists, it has to be compensated in order to ensure a smooth working
of the part and ensemble it is mounted in. The paper presents a device that attached
to a rotating part can balance it, so it rotates smoothly, without any runout. The
principle the device is based on is adding a mass at the proper place on the eccentric
part. The novelty of the device consists of that the mass of added material does not
depend on the eccentricity of the part. It seeks its correct position on the rotating
part moving its center of gravity towards the rotation axis along a certain trajectory
until the balance is achieved. The trajectory is placed in a perpendicular plane to
the rotation axis. Being an adjustable one, the device can be used to balance parts
having different eccentricity or mass. Having a mobile centre of gravity, that is an
own adjustable eccentricity strictly kept under control, the device can compensate the
entire ensemble’s one. This concept removes the main disadvantage of the classical
methods, which are much time consuming, caused of the repeating procedures. The
device can be adjusted individually for each part, or for more parts in a batch, which
are sorted in groups, to each group fitting a certain adjustment. Tuning and attaching
the device to the eccentric part are very easy and safe.

Keywords Eccentricity balancing · Rotating parts · Adjustable device

15.1 Introduction

A good balancing of the rotating parts or subassemblies is essential for a smooth
rotation, free of vibrations or runout in functioning. Because almost any part displays
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an eccentricity due to manufacturing processes, and/or assembling imperfection, the
single solution to get a well-balanced part is to compensate the existing eccentricity.
To do that, several methods are available, as can be found in literature. An important
work in these terms is [1] where a fundamental concept is defined: the influence
coefficient, which is the basis for many balancing methods. It provides an extensive
theory on the balancing techniques, which takes into account many of the previous
achievements. Balancing the rotor of an electric motor of 15,000 rpm, by adding
loads (weights) in two different planes displaced perpendicularly to the rotation axis
is presented in [2]. An in situ balancing method, based on measuring eccentricity
by means of an accelerometer, and remove material from appropriate place by laser
ablation is described in [3]. A method to diagnose the unbalancing using an eddy
current sensor, instead of a classic accelerometer is presented in [4], and another
solution to compensate the eccentricity of the spindle and disk of the DVD drives
in [5]. The influence of nonlinear forces on the balancing procedure is analyzed
in [6]. The nonlinear response is substituted with a linear approximation that is
precise enough to avoid affecting the accuracy of diagnose. In [7] a side issue is
presented: a material suitable for vibration transducer used in balancing rotating
parts. A method to statically balance a part in order to get its dynamic stability
is described in [8]. This is a time and cost saving method. A specific problem is
treated in [9]: a study devoted to large thin disks. Even if the unbalanced mass is not
significant, the unbalancing vector might be an important one, which causes high
vibration. Estimating the unbalancing vector is a challenge for authors’ approach.
An original way to balance rotors while they are in rotating movement, by removing
material through laser ablation is presented in [10]. This is in fact a technology used
in balancing large parts in situ. A method to balance dissymmetrical parts subjected
to rotation movement is set up in [11]. This is an analytical method used to find the
means of balancing rotating parts that do not benefit from symmetry.

Among the several available methods to balance rotating parts, one of the most
used is that which adds material to the subject part, in the appropriate amount and
position, with its different variants. Regardless the variant adopted, this method has
the disadvantage that it is a repetitive one, time consuming, and affected by some
lack of precision. This paper proposes an original approach; the added mass has a
moveable gravity center. Moving continuously and in the appropriate direction the
center of gravity of the added mas, it comes to the position where the aggregate body
gets its balance. The right location of the added mass can be determined analytically,
as well. This operation is automated by means of an original piece of software
designed by the authors.

15.2 Materials and Methods

The principle the method is based on is that a device is attached to the unbalanced
part, as an additional mass. The device has a symmetry axis, and by moving some
of its parts, the gravity centre travels along the symmetry axis. This axis has to be
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Fig. 15.1 Aligning the device to the part: a Part and its eccentricity axis, b Device and its
eccentricity axis (not aligned to the part’s one) and c The aligned axes of part and device

aligned to the axis determined by the rotating axis and the centre of gravity of the
unbalanced part, as shown in Fig. 15.1, where the red coloured bolt is intended to
materialize the eccentricity of the subject part. It emphasizes, as well, the eccentricity
axis. After the alignment is done, so the centre of gravity of the device and the part’s
one are placed in opposition related to the rotation axis, the mobile elements (ME)
of the device are rotated symmetrically, so the centre of the aggregate body migrates
to the axis of rotation. When it is placed right on the rotation axis, the balance is
achieved. The device benefits of adjustability, and is free of the disadvantage of a
discrete tuning. Tuning the device can be done according to individual products,
or for batches of products. In this case, the parts of the batch can be first sorted in
smaller groups that have eccentricity in the same narrower range. The same tuning
of the device might fit to an entire subset of parts.

Rotating symmetrically ME of the device, its gravity centre (and at the same
time the aggregate gravity centre—AGC) migrates along the eccentricity axis to the
rotation axis, achieving the balanced position, as shown in Fig. 15.2. The device is
designed in two variants, so it is able to work on the front side of a rotating part, or
surrounding a shaft of an assembly.

Fig. 15.2 Rotating the mobile parts of the device to get the balance of the aggregate body
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15.3 Results

According to the specific size of the body to be balanced, and the magnitude of
its eccentricity, the device can be designed in several dimensional variants. If 3D
models of the subject part and of device are available, benefiting from the facilities
of a CAD environment, the appropriate rotation angle of the device’s ME can be
determined. The parameter of tuning (rotation angle) can be determined either step
by step, performing successive trials, or automatically, bymeans of a special designed
piece of software. It iterates rotations of the mobile parts with the angular increment
input by the user, and computes the position of AGC position. Iteration stops when
this position is close enough to the rotation axis. User can control the balancing
precision by means of a tolerance value he used as input.

A useful tool for the user is the chart of the gravity centre position as a function
of the rotation angle. Such a diagram is easily drawn using the results of running a
software tool, as well designed by the authors. Three such diagrams are presented in
Fig. 15.3, for three different shapes and sizes of ME.

In Table 15.1 are presented the data that describe the position of AGCwhen device
is mounted on an eccentric part.

The support disk and ME are marked with signs that help a precise control of
their rotated position. Different solutions for fastening the device on the part or
assembly, and to keep ME in their proper position can be applied, without affecting
the symmetry of the construction. Manufacturing the parts of the device does not
pose any difficulty in terms of technology or precision of execution.

Fig. 15.3 Position of gravity centre of the device as ME rotate



15 Balancing Rotating Parts. A New Method and Device 187

Table 15.1 Dependence of AGC position on rotation angle of the tuning elements

Rotation angle of ME
(°)

AGC distance from
rotation axis (mm)

Rotation angle of ME
(°)

AGC distance from
rotation axis (mm)

0 0.5036 24 0.2870

3 0.4840 27 0.2512

6 0.4622 31 0.2138

9 0.4381 33 0.1749

12 0.4119 36 0.1345

15 0.3836 39 0.0928

18 0.3533 42 0.0499

21 0.3211 45 0.0059

15.4 Discussion

The design of the device can be easily adapted to the specific of the part or assembly
subjected to balancing. Versions for blind (Figs. 15.1 and 15.2), or shafted parts
(Fig. 15.4) are available.

The shape and size ofME can be determined according to the particular conditions
of any unbalanced part. As can be seen inTable 15.2, an appropriate size ofMEallows
a very fine tuning of the device: a rotation of 3° produces an AGC displacement of 5–
15µm, depending on the magnitude of the total rotation angle. The chart in Fig. 15.3
shows, as well, that the intensity of influence of rotation angle on the tuning precision
can be controlled by the shape and/or size of the ME: designing them appropriately,
can be selected the side of the dependence graphic, with bigger or smaller slope. If
needed, for special cases, when restrictions are posed on the size of ME, designer
has the chance to choose for them a material with higher density. A special attention
must be payed to rotate symmetrically the two ME. In this way the symmetry of the

Fig. 15.4 Balancing device
for shafted part
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Table 15.2 Data that characterize the two case studies

Characteristic Case study 1 Case study 2

Part mass (kg) 5.98 5.98

Part eccentricity (mm) – 0.253 – 0.401

Device mass (kg) 0.158 0.191

Thickness of ME (mm) 2.5 3.5

Device eccentricity (mm) 14.72 17.05

Tolerance for AGC position 0.01 0.01

Increment of rotation angle (°) 3 3

AGC position before balancing (mm) 0.133

AGC position before balancing with 2.5 mm elements thickness
(mm)

– 0.013

AGC position before balancing with 3.5 mm elements thickness
(mm)

0.14

AGC position after balancing 0.008 0.004

device is maintained, and AGC does not deviate from the eccentricity vector. The
method has a weakness: the need to determine the direction (vector) of eccentricity
and to align the axes of the part and of the device before starting the procedure of
balancing.

15.5 Case Studies

To illustrate the validity of the balancing proposed method, two case studies are
presented. They target the same part, having a mass of 5.98 kg, in two variants: with
eccentricity of 0.253 mm, and 0.401 mm, respectively. The device that balanced the
first sample had not a big enough eccentricity to balance the second one, so it had
to be modified: the thickness of ME has increased. This increased, as well the mass,
and the own eccentricity of the device. In this way, a minimal modification of the
device, fitted it to the necessities of a second specific case.

Table 15.2 presents synthetically the main data that characterizes the two case
studies, and in Fig. 15.5 a chart that displays the movement of AGC when ME rotate
is shown for the two cases. To balance the second sample, was enough a smaller
rotation of ME, even if the part eccentricity was bigger than that of the first sample.

If a better precision is required for the position of AGC, user may introduce a
smaller tolerance as data input, and/or ask for a smaller increment of ME rotation
angle.

Even if case study 2 started from a bigger eccentricity, it needed smaller ME
rotation angle, due to their bigger mass involved in balancing. The precision of
balancing was, as well, better for the second sample. Yet, precision of balancing
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Fig. 15.5 Case studies. AGC position while ME rotate symmetrically to get the balance

can be improved, if keep rotating ME 1° or 2° after the tolerance of 0.01 mm was
achieved.

15.6 Conclusion

The method and device for balancing eccentric part are new concepts. Their main
novelty consists of the continuous adjustment of gravity center position of the device
which is attached to the unbalanced part. The device is easy fastened to the part
subjected to balancing. ME are, as well, easy to be fixed in the right position after the
balanced position was achieved. The device can be easily adapted to fit in terms of
shape, size, and own eccentricity to any specific case. The continuous adjustment of
the device is an advantage, it makes balancing easier to be done than through other
similar methods. The disadvantage of the method is the necessity of pre-setup that
consists of finding the eccentricity direction and aligning the axes of the part and
device.
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Chapter 16
Machine Retrofitting for Tissue Paper
Industry—INTERFOLDER Case

Milos Milivojevic, Bozica Bojovic , Vladimir Babic, and Djordje Djuric

Abstract This paper is a presentation of applied design knowledge as well as
practical experience in mechanical engineering and industrial automation in order
to retrofit machines. The main goal is to offer affordable solution for automated
log transfer and at the same time extend the life of those tissue paper converting
machines that are already in operation. We exhibit practically tested solutions for
a module for sheet counting and log separation that can be mounted onto existing
semi-automated machine. The digital prototype e.g. CAD model is generated for a
preliminary module design. Rapid prototyping is used to refine delicate geometry of
moving segment before tangible manufacturing. By machine retrofitting we attain
a fully automated production that consequently increased efficiency of the line by
elimination of the log manual transfer operation. Also, data collection from built-in
sensors and analysis provide optimization of the overall equipment effectiveness.
Additionally, retrofitting includes repairs, replacements and adjustments of elec-
trical and pneumatic systems, implementation of software for controlling that adapts
machine for conformity marking and for regulations.
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16.1 Introduction

Producers and consumers of tissue papers are turning to interfolded wipes, as an
economically and environmentally friendly alternative, resulting in savings in trans-
port and storage space and 40% lower consumption according to [1]. They are addi-
tionally supported by more demanding hygiene standards, especially recent after
COVID-19. Such interfolded wipes are produced on INTERFOLDER machines.
Currently, the wipes transfer from INTERFOLDER machine to the automatic pack-
aging machine which requires increased workers for transferring wipes by hand,
according to [2]. The producers in tissue paper converting industry are under pressure
to optimize production, to reduce costs and to introduce automation technologies.
At the same time, the benefits from I4.0 are encouraging enough to provoke the next
stage of tissue paper industry [3].

If the current machines are still operational or purchasing of the new machines
is costly, the retrofitting offers acceptable solutions. Retrofitting increases machine
functionality and reliability, as well as enabling oldermachines to be compatible with
new technologies [4]. Traditional retrofitting is prerequisites for upgrading machines
suitable for smart retrofitting, which is discussed in [5]. Industry 4.0 requires smart
retrofitting for taking full advantage of it. Although practitioners deal with retrofitting
long before this topic gains attention in research domain, the retrofitting process still
suffers variation in the implementation in different industries [6], which makes the
identification of common points in retrofitting difficult. Useful generalization will
provide the platform presented in [6] that assists in the process identification of
requirements for retrofitting and implementation technologies for integration with
Industry 4.0 and the methodology presented in [7] that provides efficient way to
retrofit by deriving new functions and features based on data analysis results.

The developed technical solution for retrofitting refers to the field of mechanical
engineering of special purpose machines for the production of interfolded. Given the
current presence of semi-automatic INTERFOLDERS in plants around theworld and
the lack of interest of manufacturers of original machines for their full automation,
there was a need to retrofit them. Retrofitting was realized by introducing an auto-
matic transfer of a log with a given number of wipes. It is a prerequisite for further
automatic transport by conveyor to the packing and sawing section. The construc-
tion, manufacturing, assembly and verification of modules for automatic counting
and separation of logs of self-folding wipes were realized through the cooperation
of the company ENERTEH, the Consulting Agency 25. MAJ and the Department of
Production Engineering, Faculty of Mechanical Engineering in Belgrade.

16.2 Problem Interpretation

There are several manufacturers of Interfolder machines on the market, such as:
PERINI Italy, PCMC Italy, DCM France, Dechang Yu China, BaoSuo China,
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HINNLI Taiwan, [8–13] and others. Interfolders, which process raw material from
two roll widths up to 1500 mm, requires the constant presence of an operator
who manually transfers a log of wipes up to 1500 mm wide to the conveyor for
further processing (log sawing, packaging). This manual work is a bottleneck in the
production process and an obstacle to automating transport.

The answer to the increased market demands and the reduction of unit product
costs is the automation of the transfer of a log of interfolded wipes from the machine
to the conveyor. The only offered construction solution for new INTERFOLDER type
machines with a working width of 1500mm counts the sheets just below themachine
heads, lowers the stack and removes it to the side, perpendicular to the direction of
the paper, through the side opening. Such machines are from the manufacturers
Ocean Taiwan [14] and OMET Italy [15]. The described solution is not applicable to
already existing semi-automatic machines for constructive reasons, primarily due to
the lack of a side opening in the supporting structure of the machine. Currently for
the improvement of the existing semi-automatic machines of the INTERFOLDER
type for roll widths up to 1500 mm, there is no adequate engineering solution on
offer. Therefore, we offer retrofit solution that is modular for automatic counting
and separation of packages of inter-folded wipes, which provides automation of
production lines by introducing automatic transfer of logs with a given number of
wipes, as a precondition for further automatic transport by conveyor to the packing
and cutting section.

16.3 INTERFOLDER Machine Retrofitting

The offers of INTERFOLDER machines indicate similar construction solutions,
which include the following working sections of the machine:

– Unwinders,
– Lamination sections or joining two layers of paper over the entire surface by using

glue,
– Embossing sections, i.e. edge joining layers of paper,
– Paper ironing sections or calendars,
– Towing rollers,
– Wrapping section,
– Automatic towel cutting and stacking heads, and
– Longitudinal paper cutting sections.

The tissue paper unwinds with pneumatic paper roll loading system, by use of
pneumatic control for driving paper roll unwinding, and passes through vacuum
based folding heads to the automatic counting and transfer system. Folding heads
are coupled by gears powered by oneACmotor equippedwith independent frequency
inverter control. Vacuum based folding heads consist of vacuum blade roller with
three movable bottom blades with holes to hold the paper firmly while cutting.
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Therefore the each sheet is same size and good cutting. Anti-paper twist device
prevents a big scrap of paper to go into the folding system, and protect the blades.

Vacuum based folding heads form a log of wipes by coupling two sheets of paper
that come from the parent rolls. Each folding head has three spiral cross-cutting
blades and three stator blades placed on the perimeter of the head in alternating
order. This enables alternating cut of each sheet of paper and fold of other sheet at
the same time. It is the point where sheets of paper become inter-folded. Sensor is
reading the number of turns/revolutions of the folding heads enabling the successive
countdown of wipes with permanent lowering of the log.

Pulling belts and pushers ensure infallible transport of logs towards infeed
conveyor of the wrapping unit. After wrapping, logs are transported into the log saw
and output table. Sensors check the paper break, wrap up or jams on the machine,
stopping it automatically when paper is broken. Emergency stop buttons are installed
on each part of the machine.

At the end of the converting process, a continuous series of folded wipes up to
1500mmwidewas obtained, which slides through the slope straight and accumulates
on the table. To achieve it, we produced a module that through complete automation
provides a reduction in production costs, because the presence of amanwhomanually
moves logs is unnecessary. This allows easy handling and automatic transport of the
wipe stack to the packing and cutting sections. Automation is the necessary basis for
the introduction of Industry 4.0 by setting up a sensor that provides the necessary
data on the number of folded wipes. To achieve this retro-fitted machine performs
three main functions schematically presented Fig. 16.1:

– forming a set of wipes just below the heads for cutting and stacking using front
and rear claw (Fig. 16.1-left),

– successive countdown of wipes with permanent lowering of the log standing at
bench and separation from following log using claws (Fig. 16.1-middle), and

– tracing the log in a shorter of paper movement through the machine using pusher
(Fig. 16.1-right).

Fig. 16.1 Schematic presentation of forming a log of wipes just below the heads for cutting and
stacking (left), successive countdown of wipes with permanent lowering of the log (middle) and
removal of the log through the machine to the conveyor (right); Legend: 1—front claw, 2—rear
claw, 3—bench, 4—pusher, 5—current log, 6—next log
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16.3.1 Modular Design and Retrofitting

The last twoworking sections from the originalmachine form the base of themachine
and they are retained, but the section for longitudinal paper cutting and the table for
lowering the inter-folded wipes have been removed. The design solution presented
here is parametrically designed in SolidWorks (see Fig. 16.2) and the principle of
modularity is applied primarily for the upcoming rapid reactions to market demand,
i.e. efficient and effective implementation of this module for retrofit semi-automatic
machines from other manufacturers with different working widths. In this way, it
is achieved that the design process does not go back to the beginning, but only to
certain final stages that are automated with the application of contemporary CAD
software.

The CAD model of the module is a digital prototype, which enabled the verifi-
cation of the adequacy of overall dimensions, fitting into the existing structure and
assembly with the rest of the structure with physical limitations arising from the
folding heads, under which it is installed. Special attention during the design was
required by the front and rear claws due to the complex movement of the claw tips
(see Fig. 16.1).

On the existing construction of the semi-automaticmachine type INTERFOLDER
manufactured by Dechang Yu China, new working sections have been designed,
manufactured and installed. The main parts of working sections are the front claw,
the rear claw and the bench. Front and rear claw are engaged in automating separa-
tion of logs while the log permanently takes down standing at the bench. Physical
representations of them are given in Fig. 16.3.

Process of automatic counting and separation of a set of self-folding wipes is
consist of following functions:

Fig. 16.2 CAD model of module for automatic counting and separation of a log of inter-folded
wipes with two versions of claw tips
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Fig. 16.3 Physical representation of the module for automatic counting and separation of a set of
self-folding wipes

– Automatic counting of inter-folded wipes using mounted sensor which collects
data directly from machine useful for enhancing productivity,

– Formation of wipe logs using the front claw, back claw and bench (see Fig. 16.1-
left),

– Logs lowering on the bench (see Fig. 16.1-middle), and
– Log transferring onto the conveyor using the pusher (see Fig. 16.1-right).

In order to comply with the strict requirements of the CE mark, the improvement
of the machine included the replacement of certain machine parts, pneumatic and
electrical components. Checking the functioning of the module required the new
program implementation for managing the complete production line, which along
with INTERFOLDER contains a conveyor, a machine for log packing in foil and a
log saw for cutting packages. The functionality of the module for automated transfer
is tested in real industrial conditions of tissue paper converting in the company
ENERTEH. Afterword, the retrofitted fully automated INTERFOLDER machine
which is given in Fig. 16.4-left is considered as technological ready. Evidence of this
statement can be seen in the video at the link given in [16]. Figure 16.4-right shows
the moment of folding the wipe captured from the video.

16.3.2 Retrofitting and I4.0

When a machine is retrofitted a connected sensor is installed on an old machine. It
is an incremental optical encoder BAUMER with 128 pulses and two phases, which
converts the rotational movement of the working roller into an electrical signal which
represents the feedback for the control system. As the working roller prepares the
wipe sheets for V stacking, the exact position of the individual sheet is known at any
time via the encoder, on the basis of which information on the number of sheets is
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Fig. 16.4 Upgraded machine INTERFOLDER 1500, left: front view from where the paper enters,
right: section for folding and folding wipes

obtained, but also the right moment when the front and rear claws should entry, in
order to achieve proper separation of the two logs (see Fig. 16.1-middle).

Three sheets of two rolls of paper are cut through each of the two coupled work
rollers, which have paper cutting knives on them. In this way, during one turn, a total
of six sheets are formed, mutually inter-folded in a Vwithin the log. The incremental
encoder allows the movement to be divided into 512 segments during this rotation,
which has been empirically proven to be quite sufficient for precisely determining
the moment of claw entry. That moment depends on the speed of stacking, because
the speed of rotation of the rollers changes, and the time required for the claws to
come out of the extended position is constant. Specifically in this case, it depends on
the speed of the rotating pneumatic cylinder and the working air pressure. Based on
that, the speeds and moments of claw entry, which correspond to the counted number
of wipes, were empirically determined. It is software-regulated that this happens in
the first free moment after the last sheet has been selected.

The encoder whose pulses enable the counting of slips is the basis for the produc-
tion process monitoring and the entire production line, with the possibility of making
decisions based on data collected directly from the machine. Data on the number of
folded wipes and the number of records collected during the hour, shift, day or year
with their digital processing in themanner of Industry 4.0 are necessary for optimizing
OEE (Overall Equipment Effectiveness) and provide insight into the condition of
the machine without interrupting its operation. This enables preventive maintenance
and appropriate reaction to the occurrence of irregular conditions.

The team responsible for retrofitting process was able to improve productivity (12
logs per minute, number of sheets per logs 50–200), efficiency and working speed up
to 170 m/min, increase the life span of the machine and reduce maintenance costs.
The performance of a retrofitted automatic machine of the INTERFOLDER type is
given in [17].
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16.4 Conclusion

Most production equipment is designed to last for decades. Although the appear-
ance of advanced technologies cannot be ignored during that exploitation period, the
procurement of completely new and modern equipment cannot always be realized.
One of the possibilities to simultaneously realize the benefit that comes from the
introduction of advanced technologies, while maintaining the existing equipment is
the retrofit of old machines. This implies the replacement of existing and the addi-
tion of the necessary more advanced components, primarily sensors, with designed
changes to individual sections of themachine to support the introduction of advanced
technologies. The upgrade of the semi-automatic machine of the INTERFOLDER
type enabled complete automation of the production line in the ENERTEH plant,
which fulfilled the necessary precondition for improving productivity, safety at work
and the final quality of the product. Retrofit paper processing lines can become more
than a series of insulated machines between which paper is transferred. The devel-
oped technical solution refers to the field of industrial machine retrofitting. This is
an example of the necessary design changes for the technological improvement of
wipes INTERFOLDER machines with working space up to 1500 mm.

The physically representation of the module for automated transfer are tested
in real industrial conditions of tissue paper converting in the company ENERTEH,
assessment by rate TR9 of the highest level of technological readiness. Retrofitting
of the special purpose machines can be easily commercialized via fitting the module
for automated transfer into semi-automatic machines, which are installed in plants
around the world.

Acknowledgements The results presented here are the result of a survey supported by the RS
MPTR under Contract 451-03-9/2021-14/200105.
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Chapter 17
Equipment for Catalytic Water
Purification with a Gas-Saturated
Reactor
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Dzmitryi I. Zhehzdryn, Ruslan A. Kusin, Natalia V. Rutkovskaya,
Evgeniy N. Eremin, and Tsanka D. Dikova

Abstract The design of the developed equipment for catalytic water purification
with a gas-saturated reactor is described. Promising composite materials for the
manufacture of the main structural elements of its units are presented. The results of
water purification are presented, indicating the high efficiency of the equipment.

Keywords Equipment · Catalytic water purification · Gas-saturated reactor ·
Water deferrization · Tests

17.1 Introduction

Providing the population with high-quality drinking water is a priority social and
environmental problem of any country, the solution of which is aimed at achieving
the main goal, i.e. improving and maintaining human health [1]. At the same time,
groundwater in Belarus, which is the main source of drinking and process water
for most regions of the republic, is characterized by an iron content that exceeds
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the current standards [2]. Therefore, the removal of iron from water is one of the
important tasks in water purification. Accordingly, the development of high-quality
and cheaper equipment for water deferrization in the foreseeable future will not lose
its relevance.

The purpose of this work is to discuss the results of the development of the design
of water deferrization equipment.

17.2 Experimental Results and Discussion

When developing the design of the equipment for catalytic water purification with
a gas-saturated reactor, the most widespread method of catalytic purification was
adopted as a basis [3, 4]. The developed design of the equipment is protected by the
patent of the Republic of Belarus [5], the diagram, 3-D model and the appearance of
the equipment are presented, respectively, in Figs. 17.1, 17.2 and 17.3.

Fig. 17.1 Diagram of equipment for catalytic water purification with a gas-saturated reactor

Fig. 17.2 3-D model of
equipment for catalytic water
purification with a
gas-saturated reactor: 1—a
unit with a gas-saturating
reactor; 2—catalytic
purification unit; 3—fine
purification unit; 4—control
unit
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Fig. 17.3 Appearance of
equipment for catalytic water
purification with a
gas-saturated reactor

The equipment for catalyticwater purificationwith a gas-saturated reactor consists
of three main units: a gas saturation unit (1), a catalytic purification unit (2) and a fine
water purification unit (3) (Figs. 17.1 and 17.2). The equipment consumes no more
than 2 kW of power, the capacity of the equipment is up to 10 m3/h of water; the
residual content of iron dissolved in water after treatment in the equipment should
not exceed 0.2 mg/l. The maximum allowable water pressure is 10 atm.

The main task of the gas saturation unit (1) is to saturate water with oxygen in
order to increase the efficiency of the oxidation process of iron dissolved in water,
carried out in the catalytic purification unit (2) (Fig. 17.2). At the same time, in
the gas saturation unit, directly in the process of saturating water with oxygen, a
partial additional oxidation of ferrous iron into ferric iron occurs, that is, the transfer
of dissolved iron into a solid precipitate. The main structural element of the gas
saturation unit is a gas flow disperser that evenly distributes the gas flow in the
liquid. The 3-D model of the disperser installed in the unit is shown in Fig. 17.4.

A promising material for the manufacture of a disperser is a two-layer filter mate-
rialmade of titaniumpowderswith a particle size (minus 1000+ 400)µmand (minus
100 + 40) µm, the structure of which is shown in Fig. 17.5. Its peculiarity is the

Fig. 17.4 3-D model of gas
flow disperser
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Fig. 17.5 Structure of a
two-layer filter material for
making a disperser

manufacturing technology, which includes only one sintering, despite the significant
difference in the average particle size (up to about 10 times). The thickness of the
finely dispersed layer (1.2–1.5 mm), a rather large thickness in comparison with the
thickness of the finely dispersed layer (0.3–0.4 mm) for the filters below, provides a
higher uniformity of filtering characteristics over the filtration surface, it is essential
for a disperser.

The main role in the conversion of ferrous iron into ferric iron is played by the
Birm brand fill, which is located in the body of the catalytic purification unit. To
prevent the carry-over of fill particles, which have dimensions of 0.2–0.4 mm, a
drainage element is installed in the lower part of the body (Fig. 17.6).

The main structural part of the drainage element is 7 filter elements with an
orthotropic structure based on woven meshes made of corrosion-resistant steel with
a fiber diameter of 0.5 mm and a cell size of 1 mm.

Compared to traditional filtration of the medium to be purified through the cells of
woven meshes, the use of orthotropy of their structure allows to reduce the fineness

Fig. 17.6 A drainage
element
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(b)(a)

Fig. 17.7 a Material structure of filter elements and b Water before (left) and after (right)
purification using equipment for catalytic water purification with a gas-saturated reactor

of purification and ensure the regeneration process: when disassembling the filter
element, the circuit of the elementary filter cell becomes open, and contamination
on the filter material during disassembly of the filter element is retained only by
adhesion forces. The developed material is protected by the patent of the Republic
of Belarus [6].

The fine water purification unit (3), consisting of two parallel-connected filters
(unit 3.1 and unit 3.2 in Fig. 17.1 and unit 3 in Fig. 17.2), provides water purification
after the catalytic unit from solid particles of ferric iron using five tubular filter
elements installed in its filters.

A promising material for the manufacture of filtering elements for the fine water
purification is a two-layer filter material made of titanium powders with a particle
size (minus 400 + 315) µm and (minus 80 + 40) µm, the structure of which is
shown in Fig. 7a. Its production method is protected by the patent of the Republic
of Belarus [7].

The developed technology makes it possible to produce two-layer powder
filter materials with a filter layer thickness of 0.3–0.4 mm, with high throughput
capacity and purification fineness. Implementation of the technology does not require
expensive tooling and non-standard equipment and is quite simple to implement.

Tests of the equipment for catalytic water purification with a gas-saturated reactor
were carried out while purifying water coming from a well with a depth of 95 m in
the district of Ostroshitsky town (Minsk region). The sample volumewas 2 L, the test
conditions : temperature 21.9–22.4 °C, air humidity 25.6–26.7%, pressure 751 mm
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of mercury. The content of iron in water was determined by atomic spectrometry [8],
the lower limit ofmeasurements in accordancewith themethodwas 0.05mg/dm3. As
a result of the studies, the iron content in the non-purified water was 2.74 mg/dm3; in
the purified water, iron was not found (i.e. less than 0.05 mg/dm3). Figure 7b shows
images of water before and after purification.

17.3 Conclusion

The design of the developed equipment for catalytic water purification with a gas-
saturated reactor is described. Promising composite materials for the manufacture of
the main structural elements of its units are presented: two-layer powder filter mate-
rialswith different layers of fine powders for gas saturation and finewater purification
units and a filter material with an orthotropic structure based on woven meshes for
a catalytic purification unit. The results of water purification from an underground
source are presented, which testify to the high efficiency of the equipment.
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Chapter 18
Mechanical Design of the Bicycle Inner
Tube Assembly Tool Based
on the Reverse Engineering Methodology

Dušan Ćirić, Aleksandar Miltenović, Jelena Mihajlović,
and Miroslav Mijajlović

Abstract Reverse engineering has an important role in product design andmanufac-
turing. Reverse engineering represents a concept that generates required design data
from existing components. It also describes the process in which product develop-
ment goes in the reverse order comparing to the conventional product development
process. That means that reverse engineering is using the existing product as the
starting point rather than the conventional technical drawing. This paper gives a
description of some postulates of Reverse Engineering for the mechanical design
of the tool responsible for the bicycle inner tube assembly process. This tool, valve
applicator, is obtaining proper valve positioning and application on the inner tube
profile. The valve applicator must have the exact geometry of the valve—the valve
must fit perfectly inside of its structure. How the valve is positioned and applied
to the tube profile is essential for the proper and safe usage of the product. Since
the technical documentation of the valves is not available the Reverse Engineering
methodology must be applied.

Keywords Reverse engineering · Product development ·Mechanical design ·
Inner tube · Tool-valve applicator

18.1 Introduction

Engineering represents the application of the scientific principles and knowledge for
the design, analysis, retrofitting or construction of different kinds of technologies,
which could be applied for practical purposes [1].

One of the oldest, broadest andmost diverse and versatile discipline is mechanical
engineering. Mechanical Engineering represents the discipline which scope of study
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are objects and their motion. This discipline uses themathematical and physical prin-
ciples for the design and manufacturing purposes of systems, as well as their main-
tenance [1]. Basically, there are two concepts of engineering: direct (conventional)
engineering and reverse engineering.

Direct Engineering as a phase of product development process consists of the
design, manufacturing, assembly and maintenance. The design process, probably
the most important phase, is the process in which the information of lower-level
transforms into higher-level information by calculations, analysis, simulations and
graphical representations. Early design decisions could if not properly analyzed,
significantly impact products functionality. As a result, the main goal is to find
optimal solutions for every technical problem or specific production, development
and recycling requests. The final steps of this phase are represented in a complete
production specification (technical documentation) by which the specific product is
going to be produced.

Reverse Engineering (RE) is used to describe the process in which product devel-
opment follows a reverse order in comparison with direct engineering [2]. Conse-
quently, reverse engineering represents a production process of individual parts, sub-
assemblies, and assemblies-products when there is no required technical documen-
tation, CADmodel or drawing based on the existing physical model. That means that
the starting point is the existing product rather than conventional technical drawing.
RE can be identified as the analysis process in which the systems’ components and
their interrelationships are identified, representations of a system in a new modified
form is created, and at the end physical model of the damaged part is obtained. This
way the use of RE will largely decrease the manufacturing time and costs [3].

This paper provides a reverse engineering approach to obtain the original design
specification of the mechanical component—specifically, the valve for the inner
bicycle tube in order to create and manufacture the tool-applicator responsible for
the proper valve application on the inner tube profile.

After the valve geometry is fully reconstructed the creation of the tool-applicator
3D CAD model could be done.

18.2 Literature Review

Reverse Engineering (RE) was defined as “the process of developing the set of
specifications for a complexhardware systembyanorderly examinationof specimens
of that system” [4, 5]. Some authors defined it as “the process of analyzing a subject
system to identify the systems components and their relationships and to create
representations of the system in another form or at a higher level of abstraction”
[4, 6].

While developing the RE methodology researchers have been observing from
multiple perspectives in order to create amodel and its parameters from experimental
data [7]. Thus the variety of mentioned applications is present today.
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There are researcherswhichused reverse engineeringmethodology for recovery of
broken, worn and damaged parts [3], such as: mechanical shafts [8], crankshafts [2],
turbine blades [9], blade runner [10], etc. They have all used the same methodology
but vary the principles on which they analyzed the existing real model to create the
virtual reconstructed model on which proper tests could be furthermore obtained.

Also, some authors used hybrid and reverse engineering to design different kinds
of technical systems [11], while otherswere focused on hardware reverse engineering
[12]. Several authors specifically focused their research on scanning methods (they
have talked about the pros and cons of various systems) [2, 3, 13, 14]. Then some
of them discussed scanning path planning [15], while for others data-point prepro-
cessing and reduction methods were crucial [16]. There were those researchers who
deal with the integration with rapid prototyping and some other processes [17].

Because of the diversity in the RE applications, some researchers have applied its
methodology for medical purposes, such as the creation of the geometrical model of
the human fibula [18] and a 3D CAD model of the knee implant [19].

18.3 Case Study

This paper provides a RE approach to acquire the original design specification of the
existingmechanical component (valve for the inner tubes) to help design the required
tool-valve applicator.

The process of building inner tubes consists of a couple of phases: preparation
of the rubber mixture and creating an inner tube profile, assembly of the inner tube
profiles and valve application, after which the curing or vulcanization process is
carried out. Each phase is crucial for the products’ proper and safe usage. Every
inner tube with flaws, imperfections, and defects is being declared as scrap and
immediately discarded. The phase which regards this paper’s research is the second
phase, the assembly phase. This phase has two stages, butt weld joint, and valve
placement. Both stages are obtained on the same machines, simultaneously, but with
different tools. The so-called “upper operations” are responsible for the proper valve
placement on the inner tube profile (Fig. 18.1).

The process of placing a valve has three steps. Each of these steps must be
performed “perfectly” to avoid the possibility of flaws occurrences. The hole on
the upper side of the profile is made in the first step so the compressed air can flow
through the valve into the tube. After making a hole, the area around it must be
cleaned. A clean surface enables the best conditions for the inner tube and valve
cohesion. The final step is proper valve application which is obtained by the tool
called applicator (Fig. 18.1).

The working surface of the applicator needs to have the exact geometrical char-
acteristics as the foot of the valve. This way applied pressure that applicator does
while placing the valve is continual on the inner tube. Thus, the application of the
valve is performed. Any uneven contact between the applicator and the valve and
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Fig. 18.1 The upper
operations with the valve
applicator

between the valve and the inner tube profile will cause the occurrence of flaws and
furthermore, the scarp tubes.

The RE framework consists of a couple of phases. Those phases are not manda-
tory and they could vary in the available literature. Generally, those phases are data
acquisition-digitization process (a process of acquiring point coordinates from the
part surface), mesh processing (defects removing process), segmentation of the point
clouds/meshes, feature classification (classification of the regions identified in the
previous phase), modelling (finishing operations) and CAD model reconstruction
[4, 20].

18.3.1 Data Acquisition—Digitization Process
and Pre-Processing

Digitization is the process of acquiring point coordinates from the exiting part surface
[13]. Numerous 3D acquisition technologies have been developed and used for
product digitization (different types of measuring and scanning devices).

Every technology or device has its advantages and disadvantages regarding the
principles on which they work. As the most frequent technique of digitization in
use, there are optic systems (non-contact methods) and mechanical systems (contact
methods).Non-contactmethods use the sensors such as digital camera and havemuch
faster data acquisition, but usually are less accurate and could be surface affected
in comparison with contact methods (coordinate measurement machines (CMM)).
Nevertheless, non-contact/optical systems are the most common devices (magnetic,
acoustic, and optical scanners).

The 3D scanner used for geometrical data acquisition for this paper’s purposes is
HDI Advance R4XOptic Scanner. This scanner has 2× 4.1-megapixel monochrome
USB 3.0 cameras with 12 mm lenses with the field of view ranging from 212 to
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Fig. 18.2 The complete scan of the valve obtained in the FlexScan3D software (left) and the end
stage of the pre-processing phase obtained in the Geomagic Design X software (right)

676 mm. The accuracy at 212 mm is 36 μm and 84 μm at 676 mm with 1.3 s per
scan [21]. Scanning software is FlexScan3D.

The process of the digitization of the valve obtained by the 3D optical scanner is
a non-contact technique. Frequently the object’s surface needs to be prepared with
proper markers or powders which decrease the light reflections. Specifically, there
was no need for surface preparation because the focus of the scanning process was
the foot of the valve (made from rubber) rather than the scape of the valve (made from
steel). The characteristic of the optical method is to scan the object from different
angles. This way a set of incomplete scans is made. The scan consists of a point cloud
and represents the digital raster object. Those individual scans need to be joined in
a one complete digital meshed object type which represents the valve (Fig. 18.2).
Depending on the quality of the scanner, the scanning conditions, and the type of the
object (its surfaces) the quality of the mesh is defined.

The next step, pre-processing, is to reduce the number of points and to obtain the
noise reduction with surface management (geometrical surface corrections), so that
mesh could be generated. In order to reconstruct product’s topology the cloud of
points must be reorganized by the mesh construction [4]. This process is mandatory
in every RE process and it was supported by the Geomagic Design X software
(Fig. 18.2).

18.3.2 Segmentation and Feature Classification

Segmentation is the process of subdividing the mesh generated object into separate
regions in order to achieve a structure of regions that is similar as possible to the set
of geometrical features and surfaces composing the model to be reconstructed [20].

Since only the foot of the valve is important for this research, the scape needs to
be erased from the rest of the scanned object (Fig. 18.3). Also, only the upper surface
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Fig. 18.3 Segmentation phase obtained in the Geomagic Design X software and CAD model
generation in SolidWorks software

geometry of the foot of the valve is observed. Furthermore, segmentation is done,
but not in a classical way with the feature classification which is necessary for CAD
reconstruction.

The foot of the valve with fixed geometry and proper segmentation is exported
to one of the required formats so that the 3D CAD model could be used for the
determination of the applicators (tools) geometrical characteristics in order to satisfy
production requirements.

18.3.3 3D CAD Model Generation

The final step of the RE framework is to generate the 3DCAD solid model of the foot
of the valve. The SolidWorks application is selected for its wide range of possibilities
to operate with mesh and surface models [19].

Once the imported model is generated into the software and surface reconstructed
it could be used for the creation of the applicator’s working surface. The overall
construction of the applicator with all necessary features (mounting and positioning
characteristics, compressed air and vacuum canals for valve manipulation, etc.) is
carried out using the same software, SolidWorks.Now,when twomodels are properly
aligned and intersecting each other, the imported model needs to be subtracted from
the construction of the tool-applicator (Fig. 18.4). The rough shape of the working
surface needs minor corrections to obtain the “perfect” geometrical characteristics
of the valve (Fig. 18.4).

Thus, the best possible application of the valves on inner tube profiles is ensured.
After the 3D CAD model is finished (Fig. 18.5), the technical documentation of the
tool is created.
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Fig. 18.4 Creation of the working surface of the tool-valve applicator

Fig. 18.5 Final 3D CAD
model of the tool-valve
applicator compare to the
valve

18.4 Conclusion

The rapid development of the 3D scanners and their increased availability has led to
the more frequent use of the RE methodology in various applications. CAD models
are themost commonmediums used by engineers in their everyday practice to convey
dimensional and geometrical information on constructed parts, machines, etc. In the
cases in which there is no CAD model available or that it does not exist, or it does
not correspond to the real geometry of the manufactured object, the RE approach
could be successfully applied.

This paper described the reverse engineering approach for extracting the mechan-
ical components geometrical parameters (inner tube valve) to design the working
surface of the tool (applicator) responsible for its proper application on the inner
tube profile during the assembly production phase in the case that the original design
specifications of the valve are not available. The outcome of this research is the
technical documentation required for the manufacturing of the tool-applicator.

After the described solution ismanufactured, tested and verified and because there
are dozens of valve types in use (in the inner tube portfolio), the proper RE strategy
needs to be developed to cover all the rest of the types of tools (applicators).
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Future work will involve the enhancement of our scanning technique, improve-
ment of themesh generation and exploration of other potential applications of reverse
engineering methodology.
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Chapter 19
Product Redesign Using an Innovative
Process: Application to a Case Study

Pedro Agustín Ojeda Escoto , Miguel Ángel Zamarripa Muñoz ,
and Gerardo Brianza Gordillo

Abstract Today, companies oriented to themanufacture of new products are contin-
uously seeking to improve not only the manufacturing processes of their services,
but also the transfer of design and engineering to production. In the process of
developing products oriented to cover specific needs or requirements and speaking
in terms of functionality is possible to achieve the interaction of two strategies:
on the one hand, feedback from the end user and on the other the optimization of
architecture by applying comparative analysis and reverse engineering. In the search
for the consolidation of a new product and identifying opportunities for improve-
ment, this paper presents the redesign of a forage-harvester (case study) in which the
following premiseswere raised: (1) validation of the design proposal; (2) comparative
and operational analysis; (3) geometry optimization for weight and production cost
reduction. For the proposal of the new product, the theoretical framework is based
on Concurrent Engineering and together with an innovative process the architectural
configuration was defined and characterized. The procedure used to structure the
design of the forage-harvester under the approaches of architectural analysis, quality
improvement in production and overall cost reduction, and that allowed to define an
architecture capable of being aligned to a mass production is also presented. Finally,
the results obtained by finite element analysis for the geometry optimization of the
new product are published.

Keywords Design · Product development · Optimization

19.1 Introduction

Design models are based on the execution and evaluation stages or on the optimiza-
tion of an initial alternative. Following this context, the initial solution option is
evaluated and improved taking into account different aspects such as: performance,
cost, assembly, functionality, reliability, maintainability [1–3]. Products offered on
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the market are continuously updated to meet new requirements and satisfy new
needs of the customers. The modification of the features of a product often spread
in its structure and in the whole lifecycle, such as the production facilities or the
end of life management. Current redesign techniques can limit product innovation.
Besides, the impact of introducing new features should be limited and controllable,
in order to speed the redesign phase and bound the uncertainty connected with the
management of a new product. New product variants in product families are gener-
ally derived by adapting existing products to new requirements, scaling or changing
their modules and components [4]. New innovative products are only introduced
when major conflicts exist between customer needs and existing products. However,
business success is also strongly related to product innovation. New ideas, new tech-
nologies, and new products capture customer interest and keep successful companies
at the forefront of their industries. Some techniques to detect conflicts in a design,
selection of functional dependencies, and the reuse of objective information to obtain
new solutions are fundamental elements for any redesign process. However, all the
methods analyzed focus on transforming an existing product, rather than developing
a new product from designs already made [5]. Most of the new designs are refined
versions of the existing designs developed through alterations and changes to the
current design. Modifications in engineering design should be considered as a major
focus for product improvement as users become more interested in functional prod-
ucts. Based on the above, all the information defined from the engineering update
are very useful for new design proposals and product evolution [6].

This paper reports the procedure and results of the redesign of a forage-harvester
(case study) structured with Concurrent Engineering (CE) criteria and using as
approaches: architectural analysis, quality improvement in production and overall
cost reduction. Likewise, the results obtained from finite element analysis of the
mentioned harvester are reported in order to optimize its final architecture. Is also
reported the steps and stages of the project that managed to consolidate the design
of the new product.

19.2 Theoretical Framework

19.2.1 Concurrent Engineering

Once CE has been contextualized, which is currently closely related to the develop-
ment of new products, it can be defined as the process of developing new products in
which all areas must be involved, working accordingly in the creation of the product.
This involvement ranges from the contribution of ideas to the matching and read-
justment of information to achieve the agreed product. CE is a regular focus for both
integrated and concurrent product design that also involves the related processes,
as the manufacturing and support. This focus is intended to help designers consider
all aspects of the product life cycle, from concept to decommissioning, including
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quality control, costs, time and user requirements, from the outset [7]. Finally, is a
process in which the main functions that comprise the process of placing a product
on the market are continuously involved in the development of the product, from its
conception to final sale. The benefits of this technique are derived from the time a
project is completed [8]. According to Borja [9], there are several definitions of CE
or also called in some research as Simultaneous Engineering (Fig. 19.1). There are
some other definitions, but all of them agree that SE belongs to the design process,
and assigns parallel activities to decrease the product development time, improving
its quality by integrating the product and its manufacturing process. Common prob-
lems that make it necessary to implement the CE in the design or redesign of a new
product [10]: (1) Increased product variety and technical complexity that prolongs
the product development process andmakes it difficult to predict the impact of design
decisions on the functionality and performance of the final product; (2) Increase the
global competitive pressure resulting from the emerging concept of re-engineering.
The need for a rapid response to changing consumer demand and a shorter product

Fig. 19.1 Simultaneous engineering (Adapted by Borja [9])



220 P. A. O. Escoto et al.

life cycle; (3) Organizations with several departments working on the development
of numerous products at the same time. New and innovative technologies that emerge
at a very high rate, making the new product technologically obsolete in a short period
of time.

Lean Manufacturing

Lean Manufacturing (LM) involves several tools that help eliminate all operations
that do not add value to the product/service and/or process, increasing the value
of each activity performed and eliminating what is not required, reducing waste
and improving operations. The LM system has been defined as a philosophy of
manufacturing excellence, based on: (a) The planned elimination of all types of
waste; (b) Continuous improvement; (c) The permanent improvement of productivity
and quality. The main objectives of LM are to implement a philosophy of continuous
improvement that allows companies to reduce costs, improve processes and eliminate
waste to increase customer satisfaction and maintain the profit margin. It provides
companies with the tools to survive in a global marketplace that demands higher
quality, faster delivery at a lower price and in the required quantity. Specifically:
(a) Reduces the waste stream dramatically; (b) Reduces inventory and production
floor space; (c) Creates more robust production systems; (d) Creates appropriate
material delivery systems; (e) Improves plant layouts to increase flexibility. The
implementation of LM is important in different areas, since different tools are used,
so it benefits the company and its employees (see Fig. 19.2). Some of the benefits
it generates are: (a) Reduction of at least 45% in production costs; (b) Reduction
of inventories and lead time; (c) Better quality and less labor force; (d) Increased

Fig. 19.2 Plan for lean implementation
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equipment efficiency and reduced waste; (e) Overproduction and decrease in waiting
time; (f) Transport, processes, inventories and movement of final product.

19.3 Research and Proposal Procedure

19.3.1 Research Methodology

Design is part science and part art. The scientific part of design can be learned through
the different philosophies, methodologies and tools that exist and that try to system-
atize this task. However, the art part of the design process, nowadays, cannot be
taught systematically. Therefore, many designers argue that the only way to learn the
artistic part of design is by designing. The development of any investigation consists
of extracting the information by following a methodology, the architecture of the
product in question and the procedural details of the product in order to understand
it. Figure 19.3 presents the methodology proposed for the development of the paper.
Next, the main activity of each of the phases of the methodology used is presented
in a very general way: NEW PRODUCT. Model systematization (development of
specification and conceptualization): Conceptualization of the final product archi-
tecture; Performance analysis: Definition of FEA analysis to locate the best new
design solution; Configuration testing: Test stage for assembly and disassembly of
components; Comparative analysis: Analysis carried out to define the new concept of
the forage-harvester. REDESIGN.Manufacturing: Implementation ofmanufacturing
processes and continuous improvement; Costs: Cost analysis in design and manu-
facturing phases; Quality: Analysis and implementation of quality in manufacturing

Fig. 19.3 Research methodology
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processes; Service: Implementation of the necessary conditions for the application
of manufacturing processes. DETAIL AND FINAL VERIFICATION: Numerical
analysis of FEA results and first phase of physical tests; TESTING: Second phase of
physical testing under real operating conditions; END PRODUCTION: Alignment
of product manufacturing to final production taking into account some strategies.

Functional and innovation analysis

The application of this research focused onMexican agricultural producers whowere
looking to increase the profitability of their crop, aswell as agricultural producerswho
were looking to give added value to their crops by making their silage more efficient.
The degree of innovation defined for the proposed prototype was of the incremental
type since considerable improvements were added to the functional capacity of the
harvester. Among these, the following can be mentioned:

– Special design of mechanical gearbox. Special design of gearbox that provides
good ratio of speed and torque needed for optimum operation of gear train and
thus improve the performance of cutting and crushing system.

– Special design of the geometry of the chopping and shredding rollers. Having an
optimum geometry in the roller shredding elements will help to have a better ratio
in the determined final sizes of the material and will also support a constant flow
of the material on its way to the mechanical rotor.

– Special design for the ergonomic improvement of the hitch. This improvement is
intended to make the hitch on the agricultural tractor more practical, as well as to
make the levelling of the hitch faster and more efficient.

The forage-harvester will be developed with its own technology to add a plus in
the part of the corrective and preventive maintenance and also to be easily adapted
to the needs of the national field, since, it is sought that it has a practical operation.
On the other hand, the generation of own technology for the elaboration of the silage
used in the feeding of the cattle, will help the harvester to have a precise adjustment
on the size of the pieces of the produced silage; since, the final quality of the produced
silage depends directly on this variable.

19.4 Data Analysis

19.4.1 Case Study

To define the new design of the forage-harvester, the following approaches were
considered: architectural analysis, quality improvement in production and over-all
cost reduction; based on the above mentioned approaches, several configurations
were proposed and reviewed to provide a solution to the problem under study. Several
configurations were conceptualized taking into account the defined approaches and
finally the final architecture of the harvester was generated (see Fig. 19.4a).
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(b)(a)

Fig. 19.4 Proposal for solution: a case study: forage-harvester and b application of border
conditions

Proposal for solution

Once the final architectural geometry was selected, finite element analyses were
performed to validate and optimize (for assembly purposes) the architecture. The
mesh of the models was generated based on the existing dimensional relationships
between the components of the assembly and the load conditions proposed for the
analysis were determined based on the solicitations that are presented in the normal
work of the harvester (see Fig. 19.4b). Based on the above mentioned approaches,
several configurations were proposed and reviewed to provide a solution to the
problem under study. Several configurations were conceptualized from the general
characterization of this type of implement. Taking into account the defined premises:
(a) validation of the design proposal, (b) comparative and operational analysis and
(c) geometry optimization for weight and production cost reduction. Another consid-
eration that was made for the product design was the analysis of the attachments for
coupling the forage-harvester to the tractor.

Geometry optimization

The analysis by finite elementwas done in several stages, in each of them the different
criteria were taken for such analysis and several punctual loads on the harvester were
also defined based on the normal work it performs. Figure 19.5 shows the results
obtained from the final architecture.

19.5 Results and Discussion

The stress study carried out on the harvester model allows us to demonstrate that
each and every one of the elements that make up the model present stress magnitudes
below the permissible elastic limit of the material. It was even possible to optimize
some elements and comply with the design approaches that were taken into account
to define the final architecture, these are:
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(c)(b)(a)

Fig. 19.5 FEA results: a phase 1, b phase 2 and c phase 3

– Architectural analysis—an improvement in manufacturing processes was
achieved by having a simple architecture and free of assembly interferences.

– Quality improvement in production—when a final evaluation of the weight was
made, it was possible to decrease by 33% derived from the optimization of
geometry and the use of materials.

– Overall cost reduction—the percentage of cost reduction that was achieved ranged
around 37%.

In the chassis zone of the implement is where the highest magnitudes of efforts are
presented having concentration of efforts in some points, this is due to the geometry
and functions under which the elements of this zone work. Is also important to
mention that the magnitudes of efforts are within the normal ranges of deformation
so, for the moment, they can be neglected to continue with the manufacture of the
final prototype. It was also possible to define a successful process for the assembly
of the harvester sub-systems, optimizing times and generating better routes for their
alignment in mass production. Once the new product architecture was defined and
the concept tests were per-formed, the strategies for aligning it to production were
defined taking into account product image and marketing (factors defined by the
experience of the manufacturer’s sales area).

19.6 Conclusion

Advances in computer and technology analysis allow engineers and researchers to
have effective diagnostic and simulation tools that facilitate, at a given time, the
design, redesign or optimization of a mechanical system. The development and
implementation of methodologies for design or redesign of products based on new
technologies, increases the probability of alignment in the market and the increase
of knowledge and technology transfer to the industrial sector. In order to define a
new design of a forage-harvester, several configurations were proposed and reviewed
to provide a solution to the problem under study. Several configurations were also



19 Product Redesign Using an Innovative … 225

conceptualized taking into account the defined approaches and finally the architec-
ture of the product was generated. In this paper, the optimization of the geometry
of a harvester and the results of the finite element analysis that helped to define
the redesign of the final architecture were presented as a case study. It was also
presented the strategies defined for the alignment of the new product developed
to production, taking into account sales projections, product image and marketing.
Finally, the impacts obtained with the development of the present investigation were
the following:

– Generate a harvester design, with its own technology and easy to acquire by
national producers in the field.

– To improve the profitability and competitiveness of the agricultural sector in
Mexico.

– Contribute to the conservation and installation of new agricultural businesses,
resulting in the growth of green areas such as pastures, fodder trees, fodder cereals,
etc., improving climatic conditions.

– To improve the profitability and competitiveness of agricultural businesses in
Mexico.
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Chapter 20
Product Design Involving Culture,
Sustainability and User Experience

Branislav Petrovic and Djordje Kozic

Abstract It is well known that design of a product is a key driver of the success
or failure in this field. In industrial design, product design process is not entirely
controlled by physical conditions as material properties, the structural strength or
production constrains. Besides usability, ergonomics and functionality it is also influ-
enced by many known and unknown factors. One of them is culture, because culture
affects the way users respond to the product. And not only the culture of users,
but also the designer’s own culture, their aesthetic preferences, emotions and other
non-physical aspects. For that reason, any activity of product design must include
the knowledge of culture. For understanding the relation between culture, designer,
users and the product itself—modern product design has to involve also the concept of
sustainability and (especially) the connection between culture and sustainability. In
this respect, there are nowadays a lot of talk about the so-called UX (user experience)
design, which also be discussed in this article.

Keywords Product design · Culture · Culture-oriented design · Using experience ·
Sustainable design · Cultural dimensions

20.1 Introduction

In contemporary design the term product design is often used interchangeably with
the term industrial design. Even though they are almost synonymous, there are certain
differences between the two.

Product design, in the strict sense of the word, refers to product creation, from
an idea and sketches to final design, which is generally completed with construction
of a certain limited number of final products. On the other hand, the term industrial
design usually refers to activities associated with mass production and concepts
linked to pre-manufacturing, manufacturing, transportation/distribution, consumer
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Fig. 20.1 Factors that influence product design

market (user) and disposal stages, all of which imply a different set of knowledge
and skills. In that regard, industrial design is always part of the product design.

However, in Anglo-Saxon’s literature, it is becoming increasingly common to
use the term product design to refer to practically all activities associated with
putting a new product on the market. In that sense, it is an illustrative practice
to list nomenclatures and other designer attributes (like for example “Job titles”),
such as: Product Designer, UX Designer; UI Designer, UX/UI Designer, Interaction
Designer, Information Architect, UX Architect, UX Strategist, Digital Designer, etc.

What product design depends on is illustrated in Fig. 20.1 [1], in which, if one
represents a product design as a diamond with many facets, these facets paint an
extremely complex nature of dependence associated with the term.

20.2 Influence of Culture on Product Design

All aspects of human life are influenced by culture. In investigating the cultural
impact on design, a clarification how culture is defined is far from being trivial. This
also shows in the fact that there are numerous definitions of culture (there are as
much as two hundred of them!). This is the reason why the relationship between
culture and design ought to be examined in a higher academic level.

There are several theoretical attempts to define cultural dimensions that can be
used to describe differences between culture groups. One of the notable researches in
the field was Dutch scientist Geert Hofstede (1928–2020). In 2001, as a result of his
research of many years, he published a concept of national cultural dimensions. At
the time there were only four of them, but later after comparison with other research,
this number increased to a total of six dimensions: Power Distance Index (PDI)—
the extent of inequalities and hierarchy that a society tolerates, or level of acceptance
of an unequal power distribution in a society; Individualism versus Collectivism



20 Product Design Involving Culture, Sustainability … 229

(IDV)—how strong individuals are integrated in and feel responsible for a social
group, or extent of which members of a culture prioritize their individual goals
over the goals of the group; Masculinity versus Femininity (MAS)—the degree
of differentiation of gender roles, where a masculine culture is mainly driven by
competition, while in a feminine culture cooperation and carrying for others are the
more important values; Uncertainty Avoidance (UAI)—the level of stress that is
caused by unclear and ambiguous situations, or desire to accept or avoid unknown
or uncertain situations; Long-term versus Short-term Orientation (LTO)—the
preferred focus of people’s time orientation, in the future or the present, where
planning and action are more based on long or short term goals; Indulgence versus
restraint (IVR)—the degree to which people try to have power over their impulses
and drives, or the extent to which natural human instincts related to having fun and
enjoying life are permitted by the society.

Hofstede provides concrete scores for these dimensions for numerous countries.
The data is available at the link [2], and a specific example in Fig. 20.2 is based
on the data. Using this data it can be seen that for example for PDI—high score
have China, Mexico, France, Brazil and India; low score have Australia, Canada,
Germany, Denmark, Finland, Japan, U.K. and U.S. It is possible to find these data
for other dimensions and countries.

One can pose a question: how the data can be used in solving challenges of
product design? For example, in societies with high PDI values, status and age are
very important, and people tend to be less innovative. This is why in such cultural
environments customers are less open to new ideas and products. It means that high
PDI has a negative effect on the acceptance rates of new products. On the other hand,
it can be shown that the high value of IDV, due to the fact that then there are attitudes
towards differentiations and uniqueness, and a member of individualistic cultures
tend to see themselves as independent, unique persons separate from others—that
gives the positive effects on penetration rates on new products, and so on [3].

The author of the second set of dimensions is Edward T. Hall (1914–2009). He
introduced perception of space (the physical distance that is perceived as comfort-
able) and the perception of time (cultures that prefer to complete one task or
more tasks simultaneously, designated as monochronic or polychronic cultures).

Fig. 20.2 Comparison between cultural dimensions



230 B. Petrovic and D. Kozic

The dimensions of other investigators of this subject do not distinctly differ from
Hofstede’s and Hall’s dimensions, besides their naming.

The influence of culture on culture-bound product design comes to the fore in
many different ways, which can be categorised into two main groups: practical and
theoretical:

– The practical group comprises aspects from the design process (methodology,
procedures), design education (transfer of design knowledge among other
cultures), strategy (business strategy and marketing products in other cultures),
and designers (cultural influences on the designer himself);

– The theoretical group consists of aesthetic aspects (preference for design
varying by country), semantics (understanding of function and design), and
human-product interaction (how products are actually used in different cultures).

In the literature on the relationship between culture and design a special consid-
eration is given to the influence of the designer’s own culture on the design aspects
of products [4]. It means that designer’s own cultural values influence their design
values.

Figure 20.3 indicates two possibilities: (1) the designer’s culture is different from
the user’s culture, and (2) both user’s and designer’s culture, are similar or the same.

In the first case there is no link among theirs principle cultural dimensions, and a
role of designer is more significant. As an example in which one can see how cultural
environment can’t be transferred from one culture to another, is the example of a
Siemens washing machine exported to India. The users of the machine in India had
major difficulties because of a different way of signing relevant functions. Another
example is when products don’t connect with the users, because they tend to reject
or use them differently from the designers intention. A universal device for breaking
or connecting an electric circuit is turned on and off by flipping a switch up or down
but the direction varies between different countries. For instance, in the U.S., power
is connected if switches are flipped up, whereas in the U.K. and Australia, the power
is on if switches are flipped down. Flipping switches up or down can be a source of
danger in emergency situations when people tend to act instinctively, intuitively or
habitually rather than rationally or logically.

Fig. 20.3 The relationship
between the designer and the
user
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In second case, he is in a possibility to include that their unique and rich cultural
background which is a valuable resource of inspiration, and the question is, how
to apply this resource into product design? For instance, prestigious design awards
have been given to some products which included cultural characteristics; they are
also an example of a possible trend in the market. Clearly, as this observation shows,
designers have begun to apply national or exotic cultural elements by not simply
copying, but transferring these elements and making a more sophisticated and inven-
tive product design. Culture resources and information may be applied into product
design and it indicates that political and religious ideologies, historic clothing, art
movement and scientific innovation could all inspire designers.

20.3 Influence of Sustainability on Product Design

In the last decade, level of awareness of protection of environment and natural
resources has risen. The idea of sustainable development has gained attention world-
wide, and designers and engineers must include it in the process of designing prod-
ucts. In order to contribute to global ecological balance and achieve sustainable
development—the relationship between product design and society must be change.
Sustainability within product design is usually classified in twowider domains which
are crucial and extremely useful for leading a designer through the process of design
of sustainable products. These are eco-design and sustainable design [5]. Sustain-
able design aims to eradicate adverse environmental effects through adept and careful
design [6].

Sustainable design is mostly a general reaction to global environmental crises,
the rapid growth of economical activity and human population, depletion of natural
resources, damage to ecosystems and loss of biodiversity. It does not require non-
renewable resources; it has a minimal impact on the environment, while connecting
the people with the environment. Besides product design and industrial design,
sustainable design can be applied in engineering, graphic design, interior design
and fashion design, but also in architecture, landscape architecture, urban design and
urban planning. The sustainable design we can also named the belief design, because
we believe that the world will recognize the importance of themes on environment
protection.

Sustainable design is widely defined as design of ecologically harmless products,
in such a way that the environment can be sustained with minimal negative effects
of the product in all of the stages of its life cycle: starting with design, production,
distribution, use and expiry of product life.

Apart from achieving necessary technical product performance and defining
product’s costs, a designer must include other aspects associated with sustainable
product design. Achieving sustainable design by improving process efficiency does
not necessarily mean that it will positively impact on sustainability due to complexity
while increasing efficiency. Majority of research related to sustainable development
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Fig. 20.4 Intersection of
three sets

so far is focused on the aspect related to decreased use of materials, resources and
energy which leads to less impact on the environment [5].

Sustainable product design can be accessed by classification within three
aspects which are strongly interconnected: social, economical and ecological aspect
(Fig. 20.4) [7]. Negative impact of individual aspects on product design can be
reduced by their combination. Design requires a detailed analysis which takes into
consideration risks and benefits of each of the aspects of sustainability. An ideal
product is one that encompasses all of the three aspects by being ecologically accept-
able, profitable for the company and beneficial for the society. Economical sustain-
ability is easily quantified. Social sustainability, on the other hand, is somewhat more
difficult to measure due to its non-material nature and subjective factors. Environ-
mental sustainability, from the perspective of environmentally friendly products with
lower negative impact on the environment, is also harder to quantify because it is
necessary to take into account whole life cycle of the product which can be a complex
and long process.

In order to quantify impact of a product on the environment, different methods
have been developed: product analysis “from cradle to grave”, product analysis “from
cradle to cradle” and life cycle analysis. It is of paramount importance for a designer to
choose raw materials which have the lowest impact on the environment, to influence
production and distribution systems to minimize ecological and social influences,
but also to define the use and disposal of unusable products.

Most products are cheaply made, they’re not great quality, we don’t use them
very long, they’re not easy to repair; we throw them away and buy new ones which
are usually made with toxic and unhealthy materials which do not contribute to
sustainable development. Consumerist “throwing away” of products (from single use
lighters to cameras and expensive components in the energy system) is connected
to planned obsolescence and has an extremely harmful effect on increasing level of
environmental pollution [5]. All of these leads to lower ecological sustainability. The
term of planned obsolescence and environmental sustainability are contradictory. It
is a step during product design which makes the product obsolete on purpose or not
functional after a specific period of use, in a way planned or created by the production
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company. Potential economical benefits for the production company are huge given
that the consumer must buy the product again. Nowadays, unfortunately, too few
products that are not designed with planned obsolescence in mind, but designers
surely can influence mitigation of these problems within the process of designing
new products that go beyond planned obsolescence.

In order to connect the aforementioned three major aspects of sustainability with
sustainable product design, there are models which are focused mainly on ecological
and economical aspects. Special attention should be given to the “quality design” as
a factor that affects the longevity of a product. This also affects decrease of negative
effect of the product on the environment and by that on the achievement of product
sustainability and sustainable development. Designers may improve desirability of a
product through the quality of its design, increase customer satisfaction and deepen
product attachment in order to extend life of the product and improve its sustainability
[8]. If one considers the life cycle of an ecologically sustainable hybrid car, one may
notice that the quality of design of the car contributes its not being thrown away
in the future, which may happen with a conventional car. By taking care of its
maintenance—it could last for several generations. One of challenging roles of a
designer is to change consumer’s behavior for the benefit of all of us. This change
can make a product more sustainable and can be very small—like a choice of one of
the materials or big—decreased energy consumption and waste production.

20.4 Influence of UX on Product Design

One of the most prominent areas in contemporary design is the one—which Donald
Norman in 1995 namedUX (User Experience) design. The term denotes awide range
of various activities of designer which are associated with new products and services.
In the beginning, the activities associated with this type of design were linked to the
ancient Chinese tradition of Feng Shui (the importance of space), which among
others was adopted by philosophers of Ancient Greeks (ergonomic principles), and
then in themodern era, with the rise of industry, for example FrederickW. Taylor (the
quest for workplace efficiency). Other notable names include Toyota (the value of
human input), Henry Dreyfuss (the art of designing for people), Xeroxs, Apple and
the PCera all the way up to the aforementionedD. Norman [9]. From that period there
are many new activities with the perspective of further development (for example
virtual riality).

In the current understanding, UX design is mainly associated with applications
and web design, but it is so much more than just designing for a screen. Today, UX
design has multiple interpretations, but it’s really all about keeping users at the center
of everything created, and also the process used to determine what the experience
will be like when a user interacts with the product, making the decision about how the
human and the product will interact. UX designers would take the principles that state
how tomake a product accessible, and actually embody those principles in the design
process of a system so that a user that is interacting with it would find it as being
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Fig. 20.5 History of user experience design

accessible. Relating to that, there is no commonly accepted definition for UX design.
There are many aspects of user experience design and it has various disciplines—
for example information architecture, usability, human–computer interaction, visual
design, interaction design.

According to a study from the Oxford Journal Interacting With Computers: The
goal of UX design in business is to “improve customer satisfaction and loyalty
through the utility, ease of use, and pleasure provided in the interaction with a
product”. That is to say, UX design is defined as the process of designing (phys-
ical or digital) products that are useful and enjoyable and easy to use. This refers to
enhancing people’s experience in the interaction with products.

Figure 20.5 also indicates permanent never-ending process of seeing the world
from the customer’s perspective and working to improve the quality of their lives.
Also, it is the process of maintaining the health of the business and finding new ways
to help it grow sustainably. It is about the perfect balance betweenmakingmoney and
making meaning. As one of the characteristics of this type of design is that it enables
to identify what makes a good experience versus a bad one. And when done well,
the designed elements of an experience become invisible and the users are delighted
because the designers have anticipated their needs to give them something they don’t
think to ask for. Good UX design happens when the decision is made in a way that
fulfills the needs of both product users and company business.

Very close to UX design is so-called UI (User Interface) design, as the dimen-
sions that lies between humans and machines. Briefly, UX design consists of all the
elements that make it possible for someone to interact with a service or product.
Unlike UX design, UI design is the digital products only, and it is based on visual
touch points.

20.5 Conclusion

The paper represents the basic issues of the multi-facets term product design, with
an emphasis on culture, UX design, and sustainability design. It has been shown that
the work of designers nowadays must take into account the increasingly demanding
characteristics of products and services.
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Chapter 21
Design Recommendations for FFF Parts

Jelena Djokikj , Tatjana Kandikjan , and Ile Mircheski

Abstract Additive Manufacturing (AM) technologies since their occurrence, they
are under constantly development and improvement resulting in new applications.
The unique working manner of these technologies ensures themwide range of possi-
bilities but the lack of knowledge depicts them of wide spread use. The only way
fully exploit AM is to know their advantages and restrictions in other words their
characteristics. Design for AM (DfAM) is the field covering all the tools, rules and
guidelines developed by various authors. With this paper we are making a contribu-
tion into this field by proposing design recommendations when designing for Fused
Filament Fabrication (FFF). We choose the FFF process because is the AM process
with most users, according to the sold machines. We are designing samples which
are analyzed for deviations in the profile and shape, and based on the results we
create the design recommendations. For the fabrication of the samples we are using
open-source system.

Keywords Design for Additive Manufacturing (DfAM) · Fused Filament
Fabrication (FFF) · Open-source systems · Fabrication quality · Three-dimensional
scanning

21.1 Introduction

Additive manufacturing (AM) technologies consist of group of processes that work
(build the model) by adding material in layers. The working manner of adding mate-
rial provides these technologies with unique characteristics. These unique charac-
teristics expressed mainly in the freedom of creation, made AM interesting for wide
range of applications.

Among various AM processes, the process of Material Extrusion, more precisely
FFF gainedmajor popularization. The FFFworkswith thermoplastic, which is heated
and extruded through nozzle onto the working platform (bed). The reason for the
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FFF’s status lies in its attributes: straightforward working process, no messy proce-
dures, relatively good fabrication quality and low running costs. This process has
been made especially affordable with the introduction of the open-source machines
for FFF. Open-source machines make the FFF available to the public, but they are
challenging when it comes to setting up for the initial startup, especially for novice
users. Main reason are the numerous possibilities that has to be set up by the user,
additionally most of these machines come as a kit that needs to be assembled.

With this paper fabrication quality and deviation in profile and shape of an open-
source machine for FFF are being analyzed in order to draw recommendation for
design for FFF. For the fabrication quality we are analyzing what are the minimum
values of specific features that can be fabricated. For the dimensional accuracy we
are applying reverse engineering as a technique for comparison and estimation of
the overall geometry. With these analysis we want to see whether the fabrication
possibilities and the quality of the open-source machines and give recommendations
for application.

21.1.1 Background Research

Lack of knowledge of DfAM restricts the use these technologies and their application
in the industry [1], slows down the use of AM for manufacturing of final parts [1, 2],
prevents the designers of fully exploiting the possibilities of AM [3] and generally
disenable the AM technologies reaching their full potential [4]. In order to create
comprehensive methodology for DfAM extensive analysis of each one of the AM
processes needs to be conducted.

Dimensional accuracy is one element that has huge impact on whether or not
AM processes can be applicable in industry. Wang et al. [5] reported that the build
orientation is the most significant process parameter affecting dimensional accuracy.
Sood et al. [6] found that the dimensions of the FFF fabricated part are more in
the Z-axis, while lesser in the X- and Y-axis when compared with the CAD model
of the component. Chua et al. [7] state that higher deviations are noted with parts
with small dimension. In research study conducted by Singh [8] he analyzes different
parts and concludes that parts fabricatedwith FFF can be positioned in four IT classes
according EN ISO 286–1. Although some studies positioned FFF fabricated parts
from IT09 to IT14 or from IT11 to IT16 in other studies [9, 10]. Boschetto and
Bottini [11] have developed a design for manufacturing methodology to improve the
dimensional accuracy of parts fabricated with FFF. Zuowei et al. [12] introduced
Skin Model Shapes paradigm as new promising method for modeling for in order
to ensure better dimensional accuracy. Armillotta and Cavallaro [13] provided an
experimental estimation of geometric errors on the edges of parts fabricated with
FFF. Mohamed et al. [14] conducted analysis for stability dimensions of FFF parts
and concluded that FFF process is capable of fabricating parts with high accuracy.

In the area of DfAM there are also numerous publication and as Thompson et al.
state is one of the key challenges concerning AM [15]. Researcher work in order to
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create tools, rules and guidelines that will help users in order for better understanding
of AM and designing for them. Filippi and Cristofolini [16] present guidelines for
designing parts for fabrication with different AM process, where they work with
specific AM processes. Teitelbaum et al. [17] develop list of rules based on experi-
ence. Their rules are tested through set of different parts and show positive results.
Other researchers [18] make attempt in creation of rules for manufacturing parts with
AM. They conduct extensive analysis for the mechanical characteristics of the mate-
rials used for AM and based on that make conclusions for the parts fabricated with
AM. Adam and Zimmer [19] conduct extensive research in order to create design
rules for three different processes: LM, SLS, and FFF. They design models with
basic geometries in order to create ground rule knowledge. Urbanic and Hedrick
[20] create design rules for FFF, which are infect set of guidelines for designing.

Knowledge gathered from the background review is used for planning and setting
up the experimental analysis.

21.2 Design Framework

As mentioned above, the AM technologies require different approach in the design
process that is not familiar to most of the users. This is why when designing for FFF
of any other AM process, they encounter problems with particular features. For this
research we compiled a list of the most common design feature problems advising
various sources: research paper, AM community web sites, survey of FFF users,
and author’s years of experience in AM. Following is the list of the design feature
problems explained in detail.

Wall thickness—wall thickness is critical element in the FFF process. Whether
or not certain wall thickness will be fabricated needs to be examined. Two different
cases of wall thickness are analyzed: integrated wall and stand-alone wall.

Gap—choosing the right gap thickness is critical for proper fabrication of the
designed parts. If the gap is two small there is a possibility for it to not be fabricated
properly i.e. the two adjusting features will be joined.

Feature thickness—choosing the feature thickness is important because it deter-
mines whether certain feature is fabricated. The feature thickness can influence to
the strength of the part.

Cylindrical features—studying what is the right diameter of the cylindrical
features in order for them to be fabricated properly (maintaining cylindricity).

Circular holes—circular holes same as cylindrical featured, needs to be studied
not just whether or not are fabricated, but also is their circularity maintained.

Inclined features—inclined feature are important because with the appropriate
designing they can be fabricated without supports. Appearance of the fabricated
inclined features is also influenced by the staircase effect.

Overhangs andbridges—are features that need to be studied since their appropriate
designwill enable fabricationwithout supports. Elimination of the supports can result
in stringing of the material.
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All of the above features can be fabricated with any FFF machine, if they are
adequately design. But our interest is to determine the minimal values for each
feature or the maximum values without use of supports. Elimination of the supports
is important since it can cause many problems in the post processing [21]. Ensuring
repeatability of the results is another critical element of the FFF processes, this is
why we fabricated the parts with repetition.

For ensuring good fabrication quality when working with open-source machines
for FFF, setting the process parameters is of great influence. But for this research we
are interested in the possibilities of the process as it is and not optimizing it, so we
will keep them fixed thought out the whole fabrication process.

21.2.1 Design Samples

The samples used for the experimental analysis are embodiment of the design feature
problems, explained in the paragraph above. The design of the samples is well
thought, consisted of basic features, so that the results from the experimental anal-
ysis can be clear and unambiguous. We are particularly interested in the possibility
to fabricate parts with small dimensions and fine details in order to determent the
boundary conditions for the process.

The ten designed samples are designed using DS SolidWorks (Fig. 21.1). Every
one of the samples has rectangular platforms with height of 1 mm. Dimensions of
the rectangular platforms vary depending of the studied features. Text indicating the
values of the analyzed features is placed on the right side with 3 mm in height and
2.5 mm in depth.

In Fig. 21.1 all the samples are graphically and textually explained in detail.
Samples 1–1, 1–2, 1–3, 1–4 and 1–5 are intended to determine the minimal values
that can be fabricated correctly. On the other hand, samples 1–6, 1–7 and 1–8 are
intended to determine the maximal values that can be fabricated without the use of
support structures.

21.3 Fabrication

Samples intended for the experimental analysis are fabricated using open-source
machine for FFF (Prusa MK3) and PLA material. Detail process parameters used
for the fabrications are presented in Table 21.1. It is important to be noted that the
infill is used only for the platform, since the features are with small dimensions.

During the fabrication all of the parts are placed with the platform parallel to the
bed which means that most of the features are perpendicular to the bed. Features
placed perpendicular to the bed ensure best quality and accuracy especially for the
cylindrical features and holes [22]. At the same time overhangs and bridges need to
be parallel to the bed so that effect of the supports is analyzed.
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Fig. 21.1 Overview of the samples used in the experimental analysis
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Table 21.1 Working
parameters

Parameters Values

FFF machine Prusa Mk3

Material PLA Prusament

Slicer Slic3r

Layer height 0.2 mm

Nozzle diameter 0.4 mm

Working temperature 210° (215° first layer)

Bed temperature 60°

Infill pattern Grid

Infill percentage 20%

Support structures No

From the study byAdam and Zimmer [19] it can be concluded that the positioning
of the part does not affect the quality of the fabricated part, so all the models are
positioned in the middle of the bed platform.

21.4 Results and Discussion

Fabricated samples are subject to: visual analysis, geometric analysis for profile
deviation and geometric analysis for shape deviation.

21.4.1 Visual Analysis of the Fabricated Samples

In the Table 21.2 results from the fabrication of the samples analyzing the minimum
values are presented. Samples studying the minimal values for wall thickness (1–
1; 1–2) can be fabricated at 0.5 mm. Same goes for the samples studying feature
thickness (1–3a, 1–3b). The sample 1–3c is not part of this analysis because although

Table 21.2 Analyzed dimensional values

Sample Analyzed dimensional values

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1–2

Sample 1–1 – – – – + + + + + + NA

Sample 1–2 – – – – + + + + + + NA

Sample 1–3a – – – – + + + + + + +

Sample 1–3b – – – – + + + + + + +

Sample 1–5 – – – – – – + + + + NA
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the features from 0.5 mm to 1 mm are fabricated, they are significantly shorter than
the designed features. It is important to stress that although wall with thickness of
0.5 mm can be fabricated the users has to know that this wall is very fragile and
cannot withstand any pressure or force. Nevertheless if the users need wall with
thickness smaller than 1 mm with reservation. Under different working parameters,
smaller nozzle or different part orientation even wall with thickness of 0.2 mm can
be fabricated. Samples 1–3a and 1–3b cannot be fabricated with thickness/diameter
under 0.5 mm, however everything under 1 mm, need to be avoided since they are
fragile and can be damaged during the application and sometimes even during the
fabrication process.

Samples studying the minimal diameter of circular holes (1–5) shows that the
circular holes starting with 0.5 mm can be fabricated, although to maintain the circu-
larity, diameter of 1 mm needs to be applied. Also, circular holes should always be
positioned with the axis perpendicular to the bed, otherwise the circularity cannot be
maintained.

All of the other samples (1–4, 1–6, 1–7 and 1–8) are fabricated complete, since
their aim is to check the profile and shape and they are omitted from the Table 21.2.
However they showed some imperfections during the fabrication. Sample 1–4 is
fabricated with satisfying quality are 0.2 mm, the gap with 0.1 mm is not completely
hollow all the way through. It is important to stress that features of the sample 1–7
where α ≤ 30° have bad surface quality, which is result to the lack of the support
material. We can note that samples 1–6 and 1–8 intended to detect maximum bridge
and overhang lengths, with higher vales stringing occurs.

21.4.2 Geometric Analysis for Profile Deviation
of the Fabricated Samples

Fabricated samples are analyzed for profile deviation using the software package
Datinf Measurement. One of the expected occurrences is the roundness of the rect-
angular elements that are parallel to the bed, as shown on Fig. 2a and inner profile
in Fig. 2b. Reason for this is the diameter of the nozzle which in our case is 0.4 mm.

)b()a(

Fig. 21.2 Shape deviation in the profile: a outer and b inner
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Fig. 21.3 Shape deviation of the overhangs

Consequently, this kind of deviation in the shape occurs only in the planes parallel
to the bed. In cases where rounded angles are not permitted, different orientation of
the part must be used.

Circular holes have best quality when their axis in perpendicular to the bed. But
still, holes with small diameter can be fabricated badly. Although holes with diameter
of 0.5 can be fabricated, circularity is maintained with diameter of 1 mm.

Another problem that can occur when working with FFF is warping, which
happens due to uneven cooling of the part and is visible in large flat surfaces. But it
is also visible in small and thin features, as in our sample 1–6 (Fig. 21.3). As it can
be seen from the Fig. 21.3, for longer overhangs the deformation is higher. This can
be avoided using support material, or designing thicker features.

21.4.3 Geometric Analysis for Shape Deviation
of the Fabricated Samples

Fabricated samples are scanned using optical three-dimensional scanner byNewWay
for the shape deviation analysis. The resulted point cloud is compared with the
equivalent CADmodel using the software package Geomagic Control X (Fig. 21.4).

Fig. 21.4 Examples of shape deviation analysis
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The used scale for the deviation is±0.5mmwhich is the precision of the open-source
machines for FFF.

According the conducted analysis the shape deviation are in the range of±0.1mm,
which is in the range of the professional FFF machines. Only exclusions are sample
1–3b with deviation of ±0.3 mm, and sample 1–6 with deviation of ±0.2 mm. The
deviation at sample 1–3b occurs because the features are too thin and flexible so they
oscillate during the fabrication, as explained in the text above. When it comes to
the sample 1–6 which studies the maximal overhang without supports, the deviation
occurs because of the thin elements that deformed (Fig. 21.3) during the fabrication.

If we compare the results for the shape deviation we can conclude that deviation
occurs in the features with small dimension for the cross-section. This is why for
the features dimension under 1 mm are not advised. For overhangs and bridges with
higher lengths it is advised to use support material, also for the inclined elements
where α ≤ 30°. For parts where the surface quality is of importance, it is advised to
use soluble supports, which do not damage the surface of the part.

All in all the results are satisfying, apart from the two samples all of the others are
in the range of ±0.1 mm which is the range for the professional machines for FFF.

21.5 Conclusion

With this researchwewanted to explore the possibilities for open-sourcemachines for
FFF. We choose these machines since their popularity is increasing and the numbers
of user is constantly rising. Also these machines are characterized as inferior to the
professional one, concerning the quality and accuracy, so that was the additional
motive. It should be emphasized that the experiments and conducted on one one-
source machine Prusa Mk3, but we believe that is applicable to all open-source
machines.

The lack of standardization for AM processed is another reason why we thought
that this kindof researchwill be valuable for the research community. These processes
have so many variables in the preparation and during the fabrication that really
detailed analysis are needed.

The focus on features with small dimension and fine detail is because we believe
is important to test the limits of the machines. Also during our work we did not come
across such studies, so we decided to conduct such research.

For further research, more complex geometries needs to be analyzed. With this
basic geometries we are setting ground rules which needs to be supplemented by
new studies of this kind. Also deeper analysis in the fabrication of assemblies’ has
to be made.
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Chapter 22
Adaptive Neuro Fuzzy Estimation
of Processing Parameters Influence
on the Performances of Plasma Arc
Cutting Process

Dalibor Petković and Milos Milovancevic

Abstract Plasma arc cutting process is one of the most advances non-conventional
machining process which is mainly using for cutting purposes. Surface quality of
the final product and dimensional accuracy are very important factors for particular
applications in manufacturing industry. There are different input factors which need
adjustment in order to find the optimal combinations for the best final product. There-
fore the main aim of the study was to establish predictive models for the plasma arc
cutting in order to determine the input parameters influence on cutting quality of the
plasma arc cutting. As output factors for the cutting quality, material removal rate—
MRR, heat affected zone—HAZ and kerf taper, are used. As the input processing
parameters, cutting speed, gas pressure, arc current and stand-off distance, are used.
The main aim is to evaluate the inputs’ influence on the output factors based on the
predictive performances. Predictivemodels are created based on adaptive neuro fuzzy
inference system—ANFIS, which is suitable for nonlinear and redundant dataset.
As cutting material Quard-400 was used. Results shown that the arc current has the
highest relevance for the product quality by plasma arc cutting process.

Keywords Plasma arc cutting · Prediction · Cutting quality · ANFIS

22.1 Introduction

Plasma state is the fourth state of material after solid, liquid and gaseous states.
Plasma state occurs after very high heating of the material. In other words the first
state is solid state which converts in the liquid state after heating. The liquid state
converts further in gaseous state after more heating. And finally the gaseous state
converts into plasma state after more heating. Plasma represent in ionized gas which
is electro conductive and operated on temperatures between 10,000 °C and 14,000 °C.
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Plasma arc cutting is based on the ionized gas and it represents one type of thermal
cutting process which uses a jet of the plasma gas in order to melt and cut material.
The plasma arc cutting is very attractive process for material removal or cutting
because of high quality of the final product. However the plasma arc cutting process
is very expensive process in comparison to laser cutting or cutting by oxygen fuel.

Plasma arc cutting (PAC) is a well-known non-conventional machining tech-
nology for fabricating complicated part profiles for a variety of electrically conduc-
tive materials, such as superalloys and composites [1]. Stainless steel, alloy steel,
aluminum, and other materials are often cut using the plasma arc cutting technique
[2]. In article [3], the teaching learning-based optimization (TLBO) algorithm was
used to investigate the effect of process parameters on surface roughness in plasma
arc cutting ofAISID2 steel. The optimal selection of process parameters is critical for
smoother and faster cutting, and experimental investigation of plasma arc cuttingwas
carried out in research work [4], where Taguchi based desirability analysis (TDA)
was used to find the optimal cutting conditions for improving the plasma arc cutting
process’ quality characteristics. The quality of the cut of the plasma arc cutting
procces has been monitored by measuring the kerf taper angle (conicity), the edge
roughness and the size of the heat-affected zone (HAZ) [5]. Results in paper [6] have
been shown that this fuzzy control and PID neural network improves the precision,
ripples, finish andother comprehensive indexes. Plasma arc cutting (PAC) is a thermal
cutting process that makes use of a constricted jet of high-temperature plasma gas to
melt and separate (cut) metal [7]. In work [8], the microstructural modifications are
elaborated in detail. The paper [9] pointed out that high quality parts of the plasma arc
cutting can be obtained as a result of an experimental investigation aimed at selecting
the proper values of process parameters. There is need to develop and optimize novel
plasma arc heat source such as cross arc and coupling arc [10]. In study [11] has been
studied the influences of plasma arc remelting on the microstructure and properties
of thermal sprayed Cr3C2-NiCr/NiCrAl composite coating. To reduce the kerf width
and to improve the kerf quality, the hydro-magnetically confined plasma arcwas used
to cut engineering ceramic plates [12]. The quality of cuts performed on titanium
sheets using high tolerance plasma arc cutting (HTPAC) process was investigated in
[13].

In order to decrease price of the plasma arc cutting process there is need to
establish predictive models of the process. The predictive models could help in
estimation of the input parameters influence on the product quality of the plasma arc
cutting process. In order to do the predictive models there is need for an advanced
computational models like soft computing or computational intelligence. Therefore
in this article is used adaptive neuro fuzzy inference system or ANFIS [14–18] in
order to estimate the influence of the input parameters on the output quality factors
of the plasma arc cutting process. As output factors for the cutting quality, material
removal rate—MRR, heat affected zone—HAZ and kerf taper, are used. As the input
processing parameters, cutting speed, gas pressure, arc current and stand-off distance,
are used.
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22.2 Methodology

22.2.1 Experimental Procedure

Figure 22.1 shows the total experimental procedure of the plasma arc cutting. As can
be seen there are nine main steps of the procedure. The torch body contains cathode
which is non-melting. Working material represent anode or positive electrode where
high temperature plasma gas or primary gas will be impinged. Kerf represent width
of material removal during cutting process where molten metal is removed. For the
cooling purpose secondary gas is used.

As working material Quard-400 is used which is abrasion resistant steel. This
material has optimal combination of hardness, ductility and strength and it is very
suitable for cutting process. Chemical composition of the material has following
elements: C, Mn, P, Si, Al, Cu, Nb, Ni, Cr, V, Ti, N2, B and Fe.

For the experimental procedure CNC plasma arc cutting machine is used. Cutting
specimens are dimension of 20× 20× 10mm. As cutting gas oxygen is used. Table

Electrode (-) Torch body Outer shell

Primary gasSecondary gasPlasma arc

Work piece (+) Molten metal 
removal Kerf

Fig. 22.1 Experimental procedure of the plasma arc cutting process

Table 22.1 Input and output factors of the plasma arc cutting process

Input factors Output factors

in1: Cutting
speed
(mm/min)

in2: Gas
pressure
(Bar)

in3: Arc
current
(A)

in4:
Stand-off
distance
(mm)

Material
removal rate
(gm/sec)

Kerf taper
(°)

Heat
affected
zone (mm)

2200–2600 3–4 45–55 2–3 24.32–46.37 2.52–8.56 2.48–6.21
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Layer 1 -
input layer

Layer 2 -
mul�plies 

fuzzy signals

Layer 3 - rule 
layer

Layer 4 -
Inference of 

rules

Layer 5 -
output layer

Fig. 22.2 ANFIS layers

22.1 shows the numerical values (minimum and maximum) of the input and output
factors which are used and obtained during cutting process.

Material removal rate orMRR is calculated based on theweight of thefinal product
after cutting process. Kerf taper is calculated based on top and bottom kerf width
at three different places on the length of cut. Heat affected zone—HAZ represents
intensity of plasma around the cut surface region which is measured experimentally
by microscope.

22.2.2 ANFIS Methodology

ANFIS network has five layers as it shown in Fig. 22.2. The main core of the ANFIS
network is fuzzy inference system. Layer 1 accepts the inputs and uses membership
functions to convert them to fuzzy values. The bell-shaped membership function is
employed in this study because it has the best capability for nonlinear data regression.

Bell-shaped membership functios is defined as follows:

µ(x) = bell(x; ai , bi , ci ) = 1

1+
[(

x−ci
ai

)2
]bi

(22.1)

where {ai , bi , ci } is the parameters set and x is input.
The second layer multiplies the first layer’s fuzzy signals and produces the rule’s

firing strength. The rule layers are the third layer, and they normalize all of the signals
from the second layer. The fourth layer provides the inference of rules and all signals
are converted in crisp values. The final layers summarized the all signals and provide
the output crisp value.

22.3 Results

22.3.1 Accuracy Indices

Performances of the proposed models are presented as root means square error
(RMSE) as follows:
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RMSE =
√∑n

i=1 (Pi − Oi )
2

n
(22.2)

where Pi andOi are known as the experimental and forecast values, respectively, and
n is the total number of dataset.

22.3.2 ANFIS Results

ANFIS networks is trained with acquired experimental input/output dataset in order
to determine RMSE values for each combinations of input and output pairs. The
following inputs are used:

– in1: Cutting speed (mm/min)
– in2: Gas pressure (Bar)
– in3: Arc current (A)
– in4: Stand-off distance (mm)

The inputs influence on the material removal rate is calculated by ANFIS network
and the following results are obtained:

– ANFIS model 1: in1 – > trn = 5.3746, chk = 4.6647
– ANFIS model 2: in2 – > trn = 4.9470, chk = 4.6068
– ANFIS model 3: in3 – > trn = 4.7669, chk = 5.5596
– ANFIS model 4: in4 – > trn = 4.7968, chk = 4.7504

As can be seen above the input 3 or arc current has the strongest influence on
the MRR based on the training RMSE (trn). The checking RMSE (chk) is used for
overfitting tracking between training and checking data. If two inputs are combined
the following results are obtained for MRR prediction where one can see that the
combination of arc current and stand-off distance is the most influential combination
for MRR prediction:

– ANFIS model 1: in1 in2 – > trn = 4.2217, chk = 8.4118
– ANFIS model 2: in1 in3 – > trn = 4.1433, chk = 6.5070
– ANFIS model 3: in1 in4 – > trn = 3.7734, chk = 10.3866
– ANFIS model 4: in2 in3 – > trn = 3.8618, chk = 5.3528
– ANFIS model 5: in2 in4 – > trn = 3.8562, chk = 4.7520
– ANFIS model 6: in3 in4 – > trn = 2.6716, chk = 5.1528

The inputs influence on the kerf taper degree is calculated by ANFIS network and
the following results are obtained:

– ANFIS model 1: in1 – > trn = 1.6369, chk = 1.8296
– ANFIS model 2: in2 – > trn = 1.6556, chk = 1.8746
– ANFIS model 3: in3 – > trn = 1.3572, chk = 1.4332
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– ANFIS model 4: in4 – > trn = 1.4874, chk = 2.2487

As can be seen above the input 3 or arc current has the strongest influence on
the kerf taper degree based on the training RMSE (trn). There is no overfitting
between training and testing data. If two inputs are combined the following results
are obtained for kerf taper degree prediction where one can see that the combination
of arc current and stand-off distance is the most influential combination for kerf taper
degree prediction:

– ANFIS model 1: in1 in2 – > trn = 1.5654, chk = 2.2506
– ANFIS model 2: in1 in3 – > trn = 1.1898, chk = 4.3314
– ANFIS model 3: in1 in4 – > trn = 1.2320, chk = 3.9265
– ANFIS model 4: in2 in3 – > trn = 1.1885, chk = 2.0542
– ANFIS model 5: in2 in4 – > trn = 1.3740, chk = 2.4450
– ANFIS model 6: in3 in4 – > trn = 0.7243, chk = 1.6536

The inputs influence on the HAZ is calculated by ANFIS network and the
following results are obtained:

– ANFIS model 1: in1 – > trn = 0.8779, chk = 0.6894
– ANFIS model 2: in2 – > trn = 0.7672, chk = 0.5642
– ANFIS model 3: in3 – > trn = 0.7570, chk = 0.8989
– ANFIS model 4: in4 – > trn = 0.8720, chk = 0.6312

As can be seen above the input 3 or arc current has the strongest influence on the
HAZ based on the training RMSE (trn). There is no overfitting between training and
testing data. If two inputs are combined the following results are obtained for kerf
taper degree prediction where one can see that the combination of arc current and
stand-off distance is themost influential combination for kerf taper degree prediction:

– ANFIS model 1: in1 in2 – > trn = 0.6557, chk = 0.9558
– ANFIS model 2: in1 in3 – > trn = 0.6201, chk = 1.2745
– ANFIS model 3: in1 in4 – > trn = 0.6738, chk = 1.6608
– ANFIS model 4: in2 in3 – > trn = 0.5292, chk = 0.7530
– ANFIS model 5: in2 in4 – > trn = 0.6553, chk = 0.5633
– ANFIS model 6: in3 in4 – > trn = 0.5264, chk = 0.8483

22.4 Conclusion

In this paper was investigated predictive performance of adaptive neuro fuzzy infer-
ence system or ANFIS for prediction of output factors of plasma art cutting process.
As output factors for the cutting quality, material removal rate—MRR, heat affected
zone—HAZ and kerf taper, are used. As the input processing parameters, cutting
speed, gas pressure, arc current and stand-off distance, are used. The main purpose
of the ANFIS predictive models was to determine the inputs influence on the given
outputs. ANFIS can eliminate the vagueness in the process in order to produce
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the best prediction conditions. In other words ANFIS network was used to convert
the multiple performance characteristics into the single performance index. Results
shown that the arc current has the highest relevance for the product quality by plasma
arc cutting process.
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Chapter 23
Identification of Important Parameters
for Laser Photoresist Removal Process
by ANFIS Methodology

Milos Milovancevic and Dalibor Petković

Abstract Laser photoresist removal in gaseous media is based on different parame-
ters or factors like energy of laser pulse, frequency of pulse repetition and flow rate of
gas. A statistical soft computing approach was applied in this article in order to deter-
mine which parameters have the most influence on the photoresist removal process
by laser. As statistical approach adaptive neuro fuzzy inference system (ANFIS) was
used since the methodology can handle strongly nonlinear data. By selected the most
important factors one can adjust the photoresist removal process in order to produce
the best final product. For the selecting process three input parameters are used: laser
energy, rate of pulse repetition of laser and flow rate of hydrogen gas. These param-
eters are selected for the analyzing since these are independent variables. Pulse of
laser repetition is selected as the most important factor for the photoresist removal
process. Predictivemodels were created based onANFIS network and corresponding
results are compared with standard conventional approaches.

Keywords Laser · Photoresist removal · Prediction · Gas media · ANFIS ·
Running head · Laser photoresist removal process

23.1 Introduction

In order to fabricate microsystem there is need for perform several steps which
include deposition of thin-film, patterning of polymer resist and etching. There are
positive-tone and negative-tone resists process. Photoresist removal is performed by
wet cleaningby chemicals.However the chemicals are very expensive and could harm
environment. There are many attempts to reduce cost and damage of environment of
the photoresist removal process.
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A concept for the laser-assisted removal of material has been proposed in article
[1] for achieving nanoscale correction in next-generation functional microstructures
such as nanostructured photoresist surfaces and micro 3-D objects fabricated using
microstereolithography. Positive photoresists are photosensitive materials widely
used in lithographic processes in microelectronics and optics for component relief
manufacturing and when exposed to ultraviolet radiation, chemical reactions are
induced that modify their physical–chemical properties [2]. Details of fabrication
route for photoresist template has been presented in article [3], which is useful in
surface texturing of technologically important thin films such as solar absorbers,
transparent conducting oxides (TCOs) and metals. The highly crosslinked epoxy
remaining after development is difficult to remove reliably from high aspect ratio
structures without damaging or altering the electroplated metal [4]. SU-8 photoresist
maintained good resolution in thick film. A new route for pattern formation based on
atmospheric pressure plasma directed assembly during photoresist removal has been
presented in article [5] where the results shown the potential of atmospheric plasma
directed assembly for uniform, large-area and open-air pattern definition for appli-
cation in modern nanofabrication. In the [6–8] further consideration are explained in
detail. Hydrogen radical process for photoresist removal by use of hotW catalyst has
been investigated for a possible application to advanced Cu/low-k dielectric inter-
connects in LSI and results suggested that the hydrogen radical process for resist
removal with W catalyst is promising for production of advanced interconnects [9].
Ozonated water cleaning systems have been used to remove photoresist and organic
contaminants on silicon wafers and natural organic matter and bacteria in drinking
water [10]. All-wet processes are gaining a renewed interest for the removal of post-
etch photoresist (PR) in semiconductor manufacturing but changes in regulations
call for a reduction in the environmental, safety & health (ESH) impact of solvents
used [11].

In this study was analyzed a technique of photoresist removal without hazard
chemical and without high temperature. This is a dry process by laser ablation and
under presences of hydrogen gas medium. The main goal was to investigate how the
three operating parameters, laser energy, rate of pulse repetition and rate of gas flow,
have impact on the photoresist removal process by laser in medium of hydrogen gas.
In order to do the analyzing there is need for an advanced computational models
like soft computing or computational intelligence. Therefore in this article is used
adaptive neuro fuzzy inference system or ANFIS [12–16]. The output factor is etch
depth of the photoresist surface.
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Laser abla�on system Beam delivery unit CNC controlled table

Fig. 23.1 Experimental setup of photoresist removal

Gas 
cylinder

Gas valve 
(inlet)

Flow 
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beam

Gas valve 
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Fig. 23.2 Experimental procedure of gas handling for photoresist removal

Table 23.1 Input and output
factors of the plasma arc
cutting process

Input factors Output factor

in1: Flow rate
(lpm)

in2: Laser
pulse
repetition
(Hz)

in3: Laser
Energy (mJ)

Etch Depth
(µm)

0.6–1.2 10–40 40–60 13.4–122.7

Layer 1 -
input layer

Layer 2 -
mul�plies 

fuzzy signals

Layer 3 -
rule layer

Layer 4 -
Inference of 

rules

Layer 5 -
output layer

Fig. 23.3 ANFIS layers

23.2 Methodology

23.2.1 Experimental Procedure

Figure 23.1 shows the total experimental procedure of the photoresist removal by
laser ablation system. The laser pulse has wavelength of 248 nm with pulse dura-
tion of 25 ns. Frequency of pulse repetition is in range 10–50 Hz. In this study is
performed mask projection technique. Gas handling setup is shown in Fig. 23.2. For
the photoresist removal process cylindrical chamber is usedwhich has inlet and outlet
connections with valves. Photoresist polymer E1020 is used in this study. Table 23.1
shows the numerical values (minimum andmaximum) of the input and output factors
which are used and obtained during photoresist removal process.



260 M. Milovancevic and D. Petković

23.2.2 ANFIS Methodology

As shown in Fig. 23.3, the ANFIS network contains five levels. The fuzzy inference
system lies at the heart of the ANFIS network. Layer 1 accepts the inputs and uses
membership functions to convert them to fuzzy values. The bell-shaped membership
function is employed in this studybecause it has themaximumpotential for non-linear
data regression.

Bell-shaped membership functios is defined as follows:

µ(x) = bell(x; ai , bi , ci ) = 1

1+
[(

x−ci
ai

)2
]bi

(23.1)

where {ai , bi , ci } is the parameters set and x is input.
The second layer multiplies the first layer’s fuzzy signals and produces the rule’s

firing strength. The rule layers are the third layer, and they normalize all of the signals
from the second layer. The fourth layer does rule inference and converts all signals
to crisp values. The last layers summed all of the signals and provided a clean output
value.

23.3 Results

23.3.1 Accuracy Indices

Performances of the proposed models are presented as root means square error
(RMSE), Coefficient of determination (R2) and Pearson coefficient (r) as follows:

– RMSE:

RMSE =
√∑n

i=1 (Pi − Oi )
2

n
(23.2)

– Pearson correlation coefficient (r):

r = n
(∑n

i=1 Oi · Pi
) − (∑n

i=1 Oi
) · (∑n

i=1 Pi
)

√(
n

∑n
i=1 O

2
i −

(∑n
i=1 Oi

)2) ·
(
n

∑n
i=1 P

2
i − (∑n

i=1 Pi
)2) (23.3)

– Coefficient of determination (R2):
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R2 =
[∑n

i=1

(
Oi − Oi

) · (Pi − Pi
)]2

∑n
i=1

(
Oi − Oi

) · ∑n
i=1

(
Pi − Pi

) (23.4)

where Pi and Oi are known as the experimental and forecast values, respectively, and
n is the total number of dataset.

23.3.2 ANFIS Results

Table 23.2 shows the prediction errors for the photoresist removal process for single
input parameter and two parameters combinations aswell. Training errors (trn) shows
influence of the inputs for the photoresist removal process. Smaller training error
more influence on the photoresist removal process. Checking errors (chk) is used for
overfitting tracking between training and checking data.

Here one can see there is no overfitting since checking errors track training errors
(Figs. 23.4 and 23.5). As can be seen input factor 2 or laser pulse repetition has
the smallest training error or the most impact on the photoresist removal process.
Furthermore combinations of 2 and 3 or laser pulse repetition and laser energy is the
optimal combination for the photoresist removal process. This combination has the
most influence on the photoresist removal process.

Table 23.2 Prediction errors
for the photoresist removal
process

ANFIS model 1: in1 – > trn = 34.1, chk = 30.2

ANFIS model 2: in2 – > trn = 12.3, chk = 6.5

ANFIS model 3: in3 – > trn = 29.6, chk = 38.2

ANFIS model 1: in1 in2 – > trn = 11.2, chk = 7.1

ANFIS model 2: in1 in3 – > trn = 29.6, chk = 38.1

ANFIS model 3: in2 in3 – > trn = 2.7, chk = 9.7

Fig. 23.4 Single input RMS errors
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Fig. 23.5 Two inputs combinations RMS errors

Fig. 23.6 ANFIS prediction of etch depth based on different parameter combination: a flow rate:
0.6 lpm and b flow rate: 0.8 lpm

Figures 23.6, 23.7 and 23.8 shows ANFIS prediction of etch depth based on
combination of different input parameters. One can observe etch depth variation in
depend on different input parameters.

Figure 23.9 shows scatter plot of ANFIS prediction of etch depth during photore-
sist removal process. There can be noted high correlation coefficient therefore high
prediction accuracy. There are small number of experimental points which are not
aligned through the correlation line.

Finally Table 23.3 shows statistical indicators for prediction of etch depth. As
benchmark models for comparison purpose RSM (response surface methodology)
[17] and ANN (artificial neural network) [17] are used.
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Fig. 23.7 ANFIS prediction of etch depth based on different parameter combination: a flow rate:
1 lpm, b flow rate: 1.2 lpm, c laser pulse repetition: 10 Hz, d laser pulse repetition: 20 Hz, e laser
pulse repetition: 30 Hz, f laser pulse repetition: 40 Hz, g laser Energy: 40 mJ and h laser Energy:
50 mJ
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Fig. 23.8 ANFIS prediction
of etch depth: Laser Energy
60 mJ

Fig. 23.9 Scatter plot of
ANFIS prediction of etch
depth

Table 23.3 Statistical
indicator for the prediction of
etch depth

Statistical indicators ANFIS ANN [17] RSM [17]

r 0.9987 0.9977 0.9918

R2 0.9974 0.9954 0.9838

RMSE 1.5964 2.1956 4.0067

23.4 Conclusion

Laser photoresist removal under gaseous media is based on different parameters.
In this article a statistical soft computing approach was applied to determine which
parameters have the most influence on the photoresist removal process by laser.

Adaptive neuro fuzzy inference system (ANFIS) was used to select the most
important factors one can adjust the photoresist removal process in order to produce
the best final product. For the selecting process three input parameters are used: laser
energy, rate of pulse repetition of laser and flow rate of hydrogen gas. Based on
obtained results pulse of laser repetition is selected as the most important factor for
the photoresist removal process. ANFIS can eliminate the vagueness in the process in
order to produce the best prediction conditions. In other words ANFIS network was
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used to convert the multiple performance characteristics into the single performance
index.
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Chapter 24
Identifying the Structure
and Tribological Characteristics
of the Material of Uncoated and Coated
Model Single-Tooth Hob Milling Tools
Using the Original Modular Fixture

Ivan Sovilj-Nikić, Bogdan Sovilj, Sandra Sovilj-Nikić , Bojan Podgornik,
Matijaž Godec, and Radomir Ðokić

Abstract The research of the gear cutting process of cylindrical gears by hobmilling
is very complex. The identification of tribological and other significant material char-
acteristics is very important in order to be able to determine the optimal material for a
model single-tooth hobmilling tool for gear cutting of cylindrical gears. Themodular
fixture is necessary when testing the topographic, tribological and other significant
material characteristics of model single-tooth hob milling tool. The paper presents
a part of the research results related to the identification of microstructure, compo-
sition, friction coefficient and wear volume on the basis of which it is possible to
determine the optimalmaterial formodel single-tooth hobmilling tools. The research
was carried out using original modular fixture specially designed and manufactured
for this purpose. The research results show that the optimal material for a model
single-tooth hob milling tool is the material HS-6-5-2-5 coated with TiAlN.

Keywords Modular fixture ·Material structure · Tribological characteristics of the
material.

24.1 Introduction

The problem of gear production is analyzed in science and application in various
ways, identifying it once as an element of the machine, and the second time as a part
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Fig. 24.1 Basic forms of serration, basic gear cutting tools and gear cutting methods

of production, i.e. the finished product. Designed and properly manufactured gears
are key components in most complex systems. Gears with involute serration are
among the most important components of efficient modern transmission techniques,
in accordance with the relevant legislation on pollution and energy conservation
[1, 2]. Figure 24.1 shows the basic forms of serration, basic gear cutting tools and
methods for gear cutting [2, 3].

Several different methods have been developed for gear cutting of cylindrical
gears. Hob milling as one of the most complex cutting processes finds the widest
application in the processing of cylindrical gears due to the high productivity of
the process. Complicated kinematic and geometric relationships between the hob
milling tool and the workpiece create a number of difficulties and problems that
prevent the optimal use of the hob milling tool and the hob milling machine [2–4]. In
the case of hob milling, in comparison with other types of cutting, high costs have to
be taken into account, and this is conditioned by the complex production of the hob
milling tool, high accuracy requirements and extremely expensive material of tool
blank. Improving the gear cutting process by hob milling is significant and useful
for both gear manufacturers and hob milling tool manufacturers. Quality materials
for manufacturing of hob milling tools and gears are necessary in order to increase
productivity and economy of their application [2–6].

It is important to know the influence of the composition and microstructure of
materials and technological procedures for obtaining blanks and workpieces on the
properties and behavior ofmaterials, aswell as their interaction [2, 5, 7]. In laboratory
research, the tangential method of machining with a model single-tooth hob milling
tool fixed in a special modular device was applied to optimize the process of gear
cutting of cylindrical gears by hob milling.

24.2 Modular Fixture

It is very important in the interest of valid results of measuring tribological and
topographic characteristics, as well as measuring significant characteristics of the
base material and the material of the applied layers, to adequately place, position
and clamp the model single-tooth hob milling tool in modular fixture. Since the body
of the model single-tooth hob milling tool is semi-cylindrical shape, it is necessary
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to design and manufacture a modular fixture that will fulfill all the previously listed
requirements. The modular fixture, which is presented in this paper, as a result of
creation, represent the outcome of the creative process and the work of the creator.
Designed and manufactured modular fixture is used in determining the topographic,
tribological and other significant characteristics of the base material and applied
layers on the cutting surfaces of model single-tooth hob milling tools [2, 4].

In Fig. 24.2 a three-dimensional representation of the model of modular fixture
for the case of testing the structure, topography and wear of the face of the model
single-tooth hob milling tool is shown. Figure 24.3a shows a position of the three-
dimensional model for the case of determining the topographic and tribological
characteristics of the input lateral flank of the model single-tooth hob milling tool
at a certain angle of the tool profile α. The position of the three-dimensional model
of the modular fixture for determining the output lateral flank of the model single-
tooth hob milling tool at a certain angle of the tool profile α is given in Fig. 24.3b.
Figure 24.3c shows a position of the three-dimensional model of the modular fixture

Fig. 24.2 Model of modular fixture with model single-tooth hob milling tool for the case of testing
the structure, topography and wear of the tool face

)c()b((a)

tool tool

tool

Fig. 24.3 Various position of three-dimensional model of the modular fixture
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for the case of measuring the adhesion of the applied layer to the basic material and
analysis of material structure of a model single-tooth hob milling tool.

In Fig. 24.4 two projections of modular fixture are given. The modular fixture
consists of a body (1), a limiter (2), a clamp (3), an adjuster (4) and a screw (5). The
body (1) of the modular fixture with dimensions 60f7 × 50f7 × 16f8 is box-shaped
(Fig. 24.3). The body has a bearing in the shape of a semi-cylinder with dimensions
R12.5 × 40H8. The bearing was finished by reaming in the quality Ra = 6.3 μm.
On the upper surface of the body, two holes were made with a tapped thread M4
for fixing the clamps (3). Also, four openings were made on the upper surface φ =
4.25 mm through which the screws for fixing the modular fixture to the base plates
of appropriate devices for measuring topographic, tribological and other significant
characteristics of the base material and the applied layers on the model single-tooth
hob milling tool should pass. On the front side of the body of the modular fixture,
two holes were made with a tapped thread M4 for fixing the limiter (2) to the body
(1). On the sides of the body of the modular fixture, two holes are made on each side
with a tapped thread M4 for fixing the adjuster (4) to the body at different angles of
the profile (α= 17°, 20°, 22°, 24°, 26°, etc.). The body, limiter, clamps and adjusters
are made of C60 material, and the screws are made of 8.8 material.

Fig. 24.4 Projections of the modular fixture with marked elements
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24.3 Experimental Results and Discussion

In the laboratories of the Institute of Materials and Technologies in Ljubljana,
modular fixture was used to test the structure and tribological characteristics of
materials of uncoated and coated model single-tooth hob milling tool of modules m
= 3 mm and m = 5 mm.

Figure 24.5 shows a model hob milling tool of module m= 3 mmmade of HS-6-
5-2-5 coated with TiN without modular fixture. The tool placed on the base plate in
this way is unstable because its body is semi-cylindrical in shape, which is also one of
the reasons for designing and manufacturing modular fixture. Modular fixture with a
model single-tooth hob milling tool made of HS-6-5-2-5 coated with TiN module m
= 3 mm is located on the basic movable plate and is ready to be placed in the device
for analysis of material structure (Fig. 24.6a). Figure 24.6b shows the position of a
modular fixture with a model single-tooth hob milling tool module m= 5 mmmade
of HS-6-5-2-5 coated with TiAlN immediately before the structure analysis.

Materialmicrostructure images formodel single-tooth hobmilling toolweremade
using a JEOL JSM-6500F line electronic microscope with VDS, EDS and EBSD
analyzer. Images taken at a magnification of×10,000,×15,000, and×25,000 times
were taken at a voltage acceleration of 15 kV and a working distance of 10 mm.
Metallographic samples were prepared by grinding and polishing and final abrasion
with nital.

Figure 24.7 shows the microstructure of high-speed uncoated tool steel HS-6-5-
2-5 made by powder metallurgy. The microstructure consists of a martensitic base
with a pre-austenitic grain size ~2μm and homogeneously distributed round eutectic
carbides (typeMC—gray, typeM6C—white). Also, images of PVD coatings applied
to high-speed tool steel HS-6-5-2-5 were taken using a JEOL JSM-6500F line elec-
tron microscope with VDS, EDS and EBSD analyzer. The images were taken at a
magnification of ×10,000, an acceleration voltage of 15 kV and a working distance

Fig. 24.5 Model single-tooth hob milling tool module m= 3 mmmade of HS-6-5-2-5 coated with
TiN without modular fixture on the basic movable plate of the SEM device



272 I. Sovilj-Nikić et al.
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Fig. 24.6 a Model single-tooth hob milling module m = 3 mm made of HS-6-5-2-5 coated with
TiN in modular fixture on the basic movable plate of the SEM device and bModel single-tooth hob
milling tool module m = 5 mm made of HS-6-5-2-5 coated with TiAlN in modular fixture on the
basic movable plate of the SEM device

Fig. 24.7 Microstructure of high-speed tool steel HS-6-5-2-5

of 10 mm. Transverse fracture samples were prepared by cooling the sample in
liquid nitrogen and brittle fracture. The first Fig. 24.8a shows the PVD fracture of

Fig. 24.8 a PVDHS-6-5-2-5 fracture coated with TiN and b PVDHS-6-5-2-5 fracture coated with
TiAlN
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Fig. 24.9 Damage and peeling of the layer at magnification×1000 (a),×1500 (b) and×3500 (c),
formation of fatigue cracks on the surface of the layer at magnification ×200 (d)

the applied single-layer TiN layer on the base structure HS-6-5-2-5 with a thickness
of 2 μm. In the second Fig. 24.8b, PVD is a multilayer TiAlN layer with a thickness
of individual lamellae ~50 nm, the same base structure and a total thickness of 2μm.

Figures 24.9a–c worn edges and surfaces of the TiN coated model single-tooth
hob milling tool were recorded using a JEOL T330A line electronic microscope at
a voltage acceleration of 20 kV and a working distance of 20 mm. The damage and
peeling of the TiN coating on the cutting edge at a magnification of ×1000, ×1.500
and ×3.500 times and the formation of fatigue cracks on the surface of the coating
at a magnification of ×200 times are shown in Fig. 24.9d.

Tribological tests of model single-tooth hob milling tool for gear cutting of cylin-
drical gears were also performed in the Laboratory of the Institute of Materials and
Technologies in Ljubljana. The tribological characteristics of model single-tooth
hobmilling tool were determined on the device Tribometer for Reciprocating Sliding
Contact 2014 (Fig. 24.10a). Figure 24.10b shows a part of a tribometerwith amodular
fixture in which is a model single-tooth hob milling tool module m = 3 mm made
of HS-6-5-2-5 coated with TiAlN.

Five model single-tooth hob milling tools were tested, two uncoated made of HS-
6-5-2-5 (no. 263 and 34), two made of HS-6-5-2-5 coated with TiN (no. 6 and 39)
and one made of HS-6-5-2-5 coated with TiAlN (no. 22). The tests were performed
in conditions of dry sliding contact, alternating sliding contact (contact pin-disk),
normal force 44 N (contact pressure 1.8 GPa), sliding speed 0.01 m/s (feed 4 mm,
frequency 1 Hz) and a total sliding track of 15 mm. A 10 mm diameter ball made
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(b)(a)

Fig. 24.10 a Tribometer for Reciprocating Sliding Contact and b Part of the tribometer with
modular fixture and model single-tooth hob milling tool module m = 3 mm made of HS-6-5-2-5
coated with TiAlN

of Al2O3 was used as a opposite material. The lowest coefficient of friction 0.38
and the smallest wear volume 0.44 × 10–3 mm3 are shown by sample 22 (TiAlN).
Samples 263 and 34 made of uncoated HS-6-5-2-5 and samples 6 and 39 made of
HS-6-5-2-5 coated with TiN have approximately the same coefficient of friction of
about 0.6. The wear volume for sample 263 is 2.1 × 10–3 mm3, and for sample 34
it is 3.8 × 10–3 mm3. In samples made of HS-6-5-2-5 coated with TiN, the wear
volume of sample 6 is 5.9× 10–3 mm3 on the part of the face where the applied TiN
layer was removed. The wear volume for sample 39 is 3.1 × 10–3 mm3. Profile and
groove images are given in Figs. 24.11, 24.12, and 24.13.

Figure 24.14a shows a diagram of the friction coefficient for five types of mate-
rials of model single-tooth hob milling tools. Figure 24.14b shows a diagram of the
wear volume for the materials of the model single-tooth hob milling tools shown in
Fig. 24.14b.

The numerous parameters and their alternating action significantly complicate
the research of the wear process of the hob milling tool. The materials of the gear
and the hob milling tool are, among other things, wear regulators of the elements
of the tribological system. The composition and microstructure of the material limit
the properties and behavior of the material in use. The microstructure of the material
of uncoated and coated model single-tooth hob milling tool was determined using a

Fig. 24.11 Profile and groove for sample 22 (TiAlN)
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Fig. 24.12 Profile and groove for sample 263 (HS-6-5-2-5 uncoated)

Fig. 24.13 Profile and groove for sample 39 (TiN)

(b)(a)

Fig. 24.14 a Friction coefficient diagram for five tools and b Wear volume diagram for five tools

line electronmicroscope, and the tribological characteristics of model single-toothed
milling cutters were determined on a special tribometer.

Themicrostructure of uncoated tool steel HS-6-5-2-5marked 263 and 34made by
powder metallurgy was identified, and images of PVD coatings TiNmarked 6 and 39
and TiAlNmarked 22 applied to high-speed tool steel HS-6-5-2-5 were made using a
JEOL JSM-6500F line electronmicroscopewithVSD, EDS and EBSD analyzer. The
tool made of HS-6-5-2-5 coated with TiAlN had the best tribological characteristics
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the coefficient of friction andwear volume of all five tested tool materials of uncoated
and coated model single-tooth hob milling tools. In the laboratory identification of
the structure and tribological characteristics of thematerials of themodel single-tooth
hob milling tools, the original modular fixture proved to be a significant aid.

The results of the identification of tribological characteristics on a special
tribometer show that the coefficient of friction is the lowest for the material HS-
6-5-2-5 coated with TiAlN marked 22 and it is 0.3829, and the highest for uncoated
high-speed tool steel HS-6-5-2-5 marked 34 and it is 0.6048. The results of deter-
mining thewear volume indicate that the toolmaterial HS-6-5-2-5 coatedwith TiAlN
marked 22 had the smallest wear volume of 0.00044 mm3. The uncoated material
HS-6-5-2-5marked 34 has a significantly higherwear volume, and it is 0.00379mm3.
The material HS-6-5-2-5 coated with TiNmarked 6 has the largest wear volume, and
it is 0.005876 mm3.

24.4 Conclusion

Productivity, economy and quality of gear cutting depend significantly on the mate-
rial of the hobmilling tool. The optimal tool material depends on various factors. The
most complete and adequate set of data on the properties of materials for hob milling
tools can be obtained by laboratory testing of the samples. The original modular
fixture applied during the identification of the structure and tribological character-
istics of the materials of uncoated and coated model single-tooth hob milling tools
has proven to be a significant aid in finding the optimal material for a model single-
tooth hob milling tool for gear cutting of cylindrical gears. Based on the research
results presented in this paper, it can be concluded that the coefficient of friction for
the material HS-6-5-2-5 coated with TiAlN is 63% lower than the maximum coeffi-
cient of friction for the uncoated material HS-6-5-2-5. The wear volume for material
HS-6-5-2-5 coated with TiAlN is 74% lower than the maximum wear volume for
material HS-6-5-2-5 coated with TiN. Based on the above mentioned, the highest
quality material for a model single-tooth hob milling tool is the material HS-6-5-2-5
coated with TiAlN.

In future research a more detailed study of successive changes in the structure of
surface profile of tools and gears during exploatation, as well as the determination
of the relationship of these changes will certainly help in developing new methods
of finishing of gear serration that will reduce wear as well as extend the tool life of
hob milling tools and gear life.
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Chapter 25
Investigation of Machined Surface
Roughness and Cutting Tool Wear
from Prepared Tool Geometry

Róbert Straka and Jozef Peterka

Abstract The article deals with cutting edge preparation and its influence on the
tool wear of cemented carbide cutting inserts and surface roughness of the work-
piece. The effect of the cutting edge radius sizes on the tool life will be examined.
The paper describes the influence of cutting edge preparation on the turning process,
the surface roughness of the workpiece, and on the tool life. The cutting inserts were
manufactured by Dormer Pramet and they also prepared them for the experiment.
The preparation method used for cutting inserts was drag finishing. For the main-
taining of the same conditions in each step, the cutting parameters did not change.
These were determined based on numerous tests for a semi-finishing turning oper-
ation. The final cutting parameters, such as cutting speed, feed, and depth of cut
were determined in consultation with the cutting inserts manufacturer to achieve a
controlled development of tool wear with a tool life of 25 to 30 min. The material
used for the workpiece was the Inconel 718 nickel alloy.

Keywords Cutting edge preparation · Turning · Tool wear

25.1 Introduction

Usage of cemented carbide as a material for cutting tools has become possible thanks
to the development of new coating materials and technologies and also due to the
application of proper micro-geometries [1]. The most important properties for the
performance and life of the cutting tools are the geometry and condition of the cutting
edge. Tool wear, the surface roughness of the machined material, tool life, residual
stress of the machined surface, cost, productivity, and quality of the machining
process is influenced by the geometry of the cutting edge [2]. Improvement of the
cutting tool design is possible in its macro or micro-geometry area. Micro-geometry
is influenced by the cutting material and the deposited thin layer, which also influ-
ences the surface roughness and the radius of the cutting edge [3]. There are several
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goals of the controlled application of cutting edge preparation such as increasing the
strength of the edge, elimination of the defects created during the manufacturing of
the tool, enhancing tool life, preparing it for coating, and to minimize the chipping
of the cutting edge. It also influences the mechanical and thermal loads generated
during the machining process [4]. Micro-shaping of cutting tool edges is called edge
preparation and it removes the initial edge defects from the sharp edge and replaces
them with a smooth profile, which increases the tool quality. It creates a cutting edge
with better stability and improved tool surface integrity, which leads to enhanced chip
flow and cutting process [5]. Preparation is used for different types of cutting tools
and different machining technologies such as turning [6], drilling [7], and milling [8,
9]. Rounding of the cutting edges results in a reduction of the local loads in the cutting
tools and also an incidention of chipping. Cemented carbide tools have the highest
potential for this when machining steel [10–12]. Zhang and Zhuang researched the
effect of cutting edge microgeometry on surface roughness in turning AISI 52,100
steel. They found out that increasing chamfer width can reduce surface roughness
but reasonable chamfer geometry must be selected because the increase of chamfer
angel leads to the extreme change in the surface roughness value. They also found
out that the enhancement of chamfer length and angle can contribute to white layer
formation [13]. Ventura et al. found out that asymmetric geometry increases tool life.
They demonstrated the application of the prepared cutting inserts and proved that
the use of those micro geometries is adequate in turning [14].

There are many preparation methods used to modify cutting edge geometry to
manufacture the cutting tools with the required geometry. The most common ones
are brushing, drag finishing, grinding, and abrasive machining. There is also the
possibility to use electric discharge machining or plasma discharges in an electrolyte
for cutting edge preparation, but they are not widely used, even though the material
removal mechanism is based on melting and evaporation instead of grinding which
leads to material removal is not affected by the hardness of the workpiece, but needs
to have the required electrical conductivity [15, 16]. Uhlmann et. al. compared brush
polishing, polish blasting, magnet finishing, and immersed tumbling as preparation
methods for micro-milling tools. They found out that magnet finishing and immersed
tumbling improved the tool performance in a matter of resultant forces Fz by 7.5%,
and 14% respectively, compared to brush polishing and polish blasting. Tool wear
was reduced by 9% compared to brush polishing and by 13.2% compared to polish
blasting [17]. The purpose of this article is to investigate the influence of cutting
edge preparation on tool life during the turning of difficult-to-cut material Inconel
718 nickel alloy.

25.2 Materials and Methods

Tools used for this researchwere double-sidednegative cutting inserts by the producer
Dormer Pramet. They were made from fine-grained WC–Co carbide within ISO
ranges from P25 to P40 and M20 to M35 and were PVD coated with TiAlN coating.
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Table 25.1 Cutting insert
parameters

Tool parameter Value

Length [mm] 12.90

Thickness [mm] 4.76

Nose radius [mm] 0.8

Feed (min–max) [mm] 0.20–0.45

Depth of cut (min–max) [mm] 0.80–4.00

Cutting edge angle [°] 80.00

Their product name is CNMG 120408E-SM: T8330 and is suitable for finishing and
semi-roughing operations in machining steel, superalloys, and hard materials. Four
cutting edge radii were used, ranging in size from 5 to 50 µm. The parameters of the
tool are in Table 25.1.

The machined material used in the experiment was Inconel 718. It is a
precipitation-hardenable superalloy based on nickel and chromium with high
strength. Used at temperatures up to 648 °C.

25.2.1 Experiment Design

The experiment was carried out on CTX Alpha 500 5-axis turning center. The
length of the cylindrical workpiece was 60 mm and its diameter was 101.6 mm.
The machining process used was longitudinal turning. To maintain the same condi-
tions in each turning step, the cutting parameters were unchanged and were deter-
mined based on many tests for the semi-finishing turning operation. The final cutting
parameters, such as cutting speed vc = 40 m · min–1, feed f = 0,15 mm, and depth
of cut ap = 1 mm, were used for the controlled development of wear with a tool
life of 25 to 30 min. Cutting conditions were determined from multiple tests for a
semi-finishing turning operation. Even though not all final cutting parameters used
for the research are similar to the parameters recommended by the supplier listed in
Table 25.1, they were determined in consultation with Dormer Pramet to achieve a
controlled development of tool wear.

ADino-Lite Edgemicroscopewith a resolution of 1280× 960 pixels and amagni-
fication range of 20–220 times was used to measure the wear area VBN and VBB

on the flank surface area of the cutting insert. DinoCapture 2.0 was used to capture
the development of wear. This program is used to capture photos and record videos
with Dino-Lite microscopes. Surface roughness was measured by portable surface
roughness gauger Mitutoyo SJ-210.

The tools were first inspected and cleaned of impurities and photographed using
DinoCapture 2.0 before turning to see where the wear is formed during the experi-
ment. The workpiece clamped in the three-jaw chuck of the main spindle was turned
with 3 cutting inserts with the same cutting edge radius. Each insert traversed a path
of 20 mm, which stands for the cutting length of each insert so that the first cutting
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Table 25.2 Measured values of the wear on the cutting inserts with cutting edge radius rn = 5 µm

Time of
machining [min]

rn = 5 µm sample 1 rn = 5 µm sample 2 rn = 5 µm sample 3

VBN [mm] VBB [mm] VBN [mm] VBB [mm] VBN [mm] VBB [mm]

0.00 0.000 0.000 0.000 0.000 0.000 0.000

1.04 0.082 0.000 0.078 0.000 0.097 0.000

3.05 0.167 0.082 0.174 0.130 0.163 0.052

4.97 0.185 0.111 0.185 0.152 0.182 0.067

6.82 0.211 0.134 0.219 0.152 0.185 0.093

9.42 0.219 0.134 0.204 0.159 0.200 0.093

11.84 0.234 0.134 0.215 0.159 0.208 0.100

14.07 0.256 0.148 0.223 0.163 0.230 0.108

16.12 0.260 0.152 0.234 0.163 0.260 0.108

18.55 0.267 0.152 0.241 0.167 0.263 0.108

20.64 0.286 0.152 0.256 0.171 0.757 0.130

22.79 0.627 0.672 0.297 0.174 – –

insert went from 0 to 20 mm on the workpiece, the second went from 20 to 40 mm,
and the third one from 40 to 60 mm, so that they were not affected by each other
and to measure the surface roughness that was created by each tool separately. After
the first minute, the tools were removed from the machine, cleaned of process fluid
and impurities, and placed in the field of view of the microscope. After focusing the
microscope, the cutting edgewas photographed to prevent the tool from being shifted
by external influences, and the length of the wear area VBN and VBB was measured
in the photo. Then the surface roughness parameters Ra, Rq, and Rz were measured
with a surface roughness gauger, that was connected to the turret tool head in the
machine and brought over the machined surfaces that were created on the workpiece
after turning. After the measurement, the tools were returned to their positions in the
machine and machining continued. This measurement was repeated at the earliest
after 1 min, later after 2 min, and then after 3 min, until the wear on the cutting
insert reached the criterion of dullness on the flank surface VBk, which had a value
of 0,27 mm. This value was chosen because the wear started to increase signifi-
cantly after reaching it. The cutting process was stopped after each time sequence to
measure the wear properly, as seen in Table 25.2.

25.3 Results and Discussion

As mentioned before, measured values were the length of wear surfaces on the flank
face area, and surface roughness parameters of the machined part Ra, Rq, and Rz.
The result of these measurements is a graphical comparison of the effect of cutting
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edge microgeometry on the tool life of the cutting inserts when machining difficult-
to-cut superalloy Inconel 718 and changing surface roughness through time. For each
specific size of the cutting edge, radius rn were performed 3 durability tests, so the
durability was measured three times for each tool. Table 25.2 and Fig. 25.1 show
how was the wear developed during turning with 3 cutting inserts with cutting edge
radius rn = 5 µm. Each insert is labeled as a sample. Such a graphical development
was subsequently made for all the cutting edge radii used during the experiment.

Values of the measured surface roughness parameters are in Fig. 25.2. The peaks
seen in the figure were created by winding the continuous chip on the workpiece
during the turning process. This effect is not desired and has affected the values of
roughness parameters.

Statistical equations for the dependence of the mean deviation of the evaluated
profile Ra on the time were calculated for each cutting edge radius rn. The equations
were calculated using the least-squares method in Excel. The form of the equation
for each radius is:

Fig. 25.1 Development of the width of the wear area VBN in time for cutting insert with cutting
edge radius rn = 5 µm

Fig. 25.2 Graphical dependence of the arithmetical mean deviation of the evaluated profile Ra on
time
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rn = 5µm : Ra = 0.019 · t + 1.7868[µm;min] (25.1)

rn = 20µm : Ra = 0.0036 · t + 1.8294[µm;min] (25.2)

rn = 35µm : Ra = 0.0934 · t + 1.4145[µm;min] (25.3)

rn = 50µm : Ra = 0.0394 · t + 16552[µm;min] (25.4)

where Ra is the average surface roughness and t is the time of machining.
Next, the statistical equation for the dependence of the surface roughness param-

eter Ra on the cutting edge radius was calculated. This was done the same way as
the equations above. The form of this equation is:

Ra = 0, 0071 · rn + 1, 9602[µm;µm] (25.5)

where Ra is the average surface roughness and rn is the cutting edge radius.
Thereafter, the average durability values for each cutting edge radius were calcu-

lated. These values were compared and a graphical comparison of each radius
depending on its durability was made. The graph is shown in Fig. 25.3.

Fig. 25.3 Dependence of average durability on size of the cutting edge radius of the cutting insert
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25.4 Conclusion

Thepaper researchedhow themicrogeometry of the cutting edge affects the durability
of cutting tools when turning the difficult-to-cut material Inconel 718. The durability
was measured in terms of tool wear and terms of surface roughness.

The dulling criterion was chosen to be VBk = 0.27 mm. As seen on the graph in
Fig. 25.3 tool with the cutting edge radius rn = 20 µm seems to be the one with the
highest durability, which was 21.9 min. Compared to the tool with the radius rn =
35 µm, it was about 2.30% higher durability. Compared to radii of 50 µm or 5 µm,
the durability was higher about 6.47% and 11.60% respectively. The author thinks
that a cutting tool with a radius between 20µm and 35µm should be used to achieve
greater durability, because in the range of these radii the cutting forces and mainly
residual stress are kept under control, but more research should be done in this area
in future to confirm or refute this claim.

It should be noted that none of the tools reached the required durability between
25 and 30 min. Therefore, it would be appropriate to repeat the experiment with a
differently chosen dulling criterion.More research needs to be done for themachined
material as this can also affect the determination of the tool’s life.

Three surface roughness parameters were measured on the machined part. The
surface roughness was classified as unsatisfactory if the values of a parameter Ra and
Rq exceeded the value of 3 µm and if the values of the parameter Rz exceeded the
value of 15 µm. Deteriorated surface roughness was manifested on the workpiece
during turning with the cutting insert that has a cutting edge radius of 35 µm from
the point of view of the parameter Ra because in this case the values exceeded the
criterion and stayed above it through the process.

The values of the surface roughness parameters measured during turning with the
remaining 3 cutting edge radii did not exceed the selected criterion and therefore
were appropriate. There can be seen peaks in the graphs and these were caused by
winding the continuous chip around the workpiece. This led to a jump in surface
roughness at some times.

Another effect can be seen on the graph of surface roughness parameter Ra. After
the initial increase, the surface roughness begins to decrease or has remained the
same. The author thinks that because of this it is possible to assume that there is no
relationship between the main flank face area and the surface roughness. Therefore,
wear on the secondary flank face area should bemeasured in the future, as this should
also affect the roughness of the machined surface. There is also the assumption that
the surface roughness should be affected by the built-up that occurred at the cutting
edge.

Twelve different cutting insertswere used for the experiment, but allwere prepared
by one preparation method. In the future, it would be appropriate to repeat the exper-
iment for cutting inserts prepared by other methods and thus compare the durability
from the point of view of different methods of preparation of cutting edges.
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Chapter 26
Residual Stress in Pipe Joints Welded
with Base and Cellulose Coated Electrode

Amna Bajtarević, Nedeljko Vukojević, Fuad Hadžikadunić,
Josip Kačmarčik, and Amra Talić-Čikmiš

Abstract The residual stress, that often occurs as consequence of the uneven heat
distribution is common phenomenon for welded constructions. Possible conse-
quences of residual stress are construction deformation, stress corrosion and frac-
tures.Appearance of residual stress and deformation cannot be eliminated in total, but
its intensity could be controlled bymeans of design and technological solutions. Thus,
it is important to optimize the parameters of construction during designing phase. In
this paper, a study conducted in order to find optimized technological solution for a
welded pipe joint is presented. In the study, two technological solutions for the joint
were compared by residual stress measuring with the “hole-drilling” method. The
major difference between two technological solutions was the electrode type used
during electric arc welding. Measurements were conducted on samples welded with
base coated electrode and with cellulose coated electrode. According to the experts
in this field, cellulose coated electrodes are more appropriate from economic and
technological point of view. The purpose of this paper is the validation of cellulose
coated electrode welded joints quality based on residual stress. Intensity and direc-
tion of residual stress at three measuring points of each sample were measured and
compared.

Keywords Pipe joint · Residual stress ·Weld · Coated electrodes

26.1 Introduction

One of themost important disadvantage of welding is appearance of residual stress in
thewelded constructions. The residual stress as a condition in a construction is caused
by elastic deformations that are balanced inside of construction. Residual stresses
can be superimposedwith external stresses, and cause a change in shape or fracture of
the structure, increase the tendency of the structure to brittle fracture, promote mate-
rial fatigue or some corrosion processes in the material (stress corrosion, corrosion
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Fig. 26.1 The residual
stresses caused by welding
process: 1—longitudinal
contraction, 2—weld metal,
3—transverse contraction,
4—stress [2]

due to fatigue), and adversely affect plastic properties [1]. Accordingly, the welded
joints disadvantages, i.e. its impact on the welded joints durability and safety is the
subject of the numerous scientific researches. Phenomenon of residual stresses in the
structure is very complex due to thermal-metallurgical-mechanical processes. Also,
residual stress occurs due to geometrical mismatch and thermal or plastic deforma-
tions. Within structures, large variations of residual stresses are usually observed
depending on geometric position. The occurrence of residual stresses during the
welding process is shown in Fig. 26.1. The colder surrounding metal limits the
contraction of the molten weld metal during the cooling process that causes stresses.

The piping systems usually contain a lot of welded joints. Basically, steel welded
pipe joints are an indispensable part of a large number of pipelines and due to a large
number of impact factors, the analysis of their structural integrity can be observed
from different aspects. A large number of papers is based on the issue of residual
stresses and strains in these joints, where the authors emphasize the impact of the type
of welding process, but also other parameters such as dimensional characteristics or
object materials to be welded [3].

In order to analyze the impact of the electrode coat material type on the direction
and intensity of occurred residual stresses, experimental measurement on twowelded
samples was performed. So, according to that results, optimal technological solution
of welded pipe joint based on residual stress is determined.

26.2 Technical Description

In the preparation phase, two pipe joint samples with identical construction were
welded. Geometrical characteristics are shown in Fig. 26.2. The fillet shape of weld
was achieved by stabbing a smaller pipe with nominal diameter DN 80 to a DN 200
pipe. Both pipes are made of steel P235GH according to the standard EN 10,028 [4].
The welding process was performed in two passes in order to achieve optimal quality
of weld. Table 26.1 shows welding parameters. A sample named “B” was welded
by using base coated electrode marked as EVB 50, which producer is “Elektrode
Jesenice”, Slovenia and weld of sample “C” was achieved by using cellulose coated
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Fig. 26.2 Technical drawing
of observed pipe joint

Table 26.1 Measured and calculated welding parameters

Electrode
coat

Electrode
diameter
[mm]

Pass no Current
[A]

Voltage
[V]

Electrical
arc
duration [s]

Weld
length
[mm]

Welding
Speed
[cm/min]

Base 2.5 1 91 23.64 171 276.15 9.69

Base 2.5 2 94 23.76 205 276.15 8.08

Cellulose 2.5 1 70 22.8 135 276.15 12.27

Cellulose 3.2 2 80 23.2 115 276.15 14.41

electrode marked as Bohler Fox Cell, AWS A5.1:E6010, which producer is “Bohler
Welding” from Germany. In order to eliminate human impact, both samples were
welded by the same operator. Welding parameters (electrode diameter and current)
were defined empirically.
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Fig. 26.3 Measuring point
arrangement

26.3 Measuring Point Arrangement

Due to the inaccessible cylindrical geometry of the pipe, it was not possible to
properly install the automatic measuring system equipment, so the measurement of
residual stresses was performed using a manual measuring system. On each sample,
three identical measuring points were selected and shown in Fig. 26.3.

Measuring points were arranged as follows:

– Measuring point 1 (mark MM1) was placed in the heat affected zone on a larger
pipe just below the weld,

– Measuring point 2 (mark MM2) was placed in the heat affected zone on a smaller
pipe just below the weld, and

– Measuring point 3 (mark MM3) was placed on the weld.

The letter “B” was aligned with the measuring point marks of the sample “B”,
and the letter “C” was aligned with the measuring point marks of the sample “C”, in
order to distinguish measuring point of different samples.

26.4 Preparation of an Experiment

After the surface preparation was completed, the strain gauges were positioned to the
defined measuring points. The variant of used strain gauges was 0°/45°/90°, marked
as RY 61 whose producer is HBM, Germany (renamed in 2020 to HBK Company,
Germany). The strain gauges were connected to amplifier making 1/4 Wheatstone
bridge.

Prepared measuring points are shown in Fig. 26.4. Deformation measurement
directions were defined as shown on Fig. 26.5.



26 Residual Stress in Pipe Joints Welded … 293

Fig. 26.4 Prepared
measuring points

Fig. 26.5 Defined
deformation measurement
directions

26.5 Conducting an Experimental Measurement

After the preparation, the measurement of residual stresses was performed with the
hole-drilling method by a manual measuring system, at six measuring points, as
follows:

– three measuring points at pipe joint sample that was welded using base coated
electrode (MM1B, MM2B and MM3B), and

– threemeasuring points at pipe joint sample that was welded using cellulose coated
electrode (MM1C, MM2C and MM3C).

The values of deformations in a, b and c directions were calculated by Catman
software. Drilling was performed with a hand drill. The diameter of drill tool was
1.5 mm, so total depth of drilling was also 1.5 mm. Figure 26.6 shows measurement
process.
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Fig. 26.6 Conducting an
measurement

26.6 Results of the Residual Stress Experimental
Measurement

When the experiment was completed, the values of deformations in three directions
(a, b and c) were measured for a large number of drill positions. The deformation
values for 40 drilling depths (40 material layers at different depths) were registered
for data processing.

Using the measured values, diagrams of the deformation value change for each
measuring direction depending on the position of the drill were created. Above
mentioned diagrams for six measuring points are shown in Fig. 26.7. The defor-
mation changes in three directions are similar for the two different pipes, as it is
shown in Fig. 26.7, thus confirming the measurement results validity.

The principal stresses values and orientationwere calculated from the deformation
values. Both stress and angle calculations were performed according to the [5].

As an example, principal stresses values and orientation angle change with the
drilling depth for measuring point MM2B is plotted in Fig. 26.8. Figures 26.9 show
the maximum principal stress directions observed at both pipe joints.
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Fig. 26.7 Measured values of deformations in three directions at six measuring points

Fig. 26.8 The principal stresses values and orientation at the measuring point MM2B

26.7 The Experimental Research Results Analysis

By analyzing the deformation diagrams for measuring points MM1B and MM1C in
Fig. 26.7, it can be concluded that for direction a and direction b, the deformation
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Fig. 26.9 a Maximal principal stress orientation at “B” sample and b Maximal principal stress
orientation at “C” sample

values are higher for the cellulose electrode welds. It is also evident that during the
measurement in the direction c of the measuring point MM1C, certain disturbances
appeared so these values are not reliable.

Deformation values for measuring pointMM2C are also higher thanMM2B, until
difference of deformation values for measuring points MM3C and MM3B is slight.
After the initial disturbances, the principal stress orientation angle atMM2Bconverge
to a constant value, at the depth around 0.4 mm, as is shown in Fig. 26.8 (right). The
same behavior is observed for all other measuring points, but the positions of the
drill (depth) at which stabilization occurs are slightly different.

Figure 26.9 show that the directions of the principal stresses in the welding zones
are perpendicular to the direction of weld. By moving away from the welds, i.e. in
the heat affected zones, the directions change towards a position parallel to the axis
of the welds. The changes of the directions are similar on both samples, so it can be
concluded that type of electrode does not have significant impact on the principal
stresses orientation.

Finally, in order to define optimal solution for observed welded pipe joint, all
parameter values at the final moment of experiment, i.e. when depth of drill was
1.5 mm from the pipe surface are presented in Table 26.2.

The values of the Von Mises stress are similar for both samples as presented in
Table 26.2. Accordingly to the above presented results, Von Mises stress deviation
between sample “B” and sample “C” for first, second and third measuring points are
–4.17%, –34.31% and 5.77%, respectively. The highest stress deviation is noticed for
measuring point 2 (placed at smaller pipe). Further discussion about this deviation
is not possible, because research was performed on only two samples.

26.8 Conclusion

It can be concluded that the type of electrode coat does not cause important impact
to welded pipe joint residual stresses. It is known, considering to the experts for
production of welded structures opinion, cellulose coated electrodes are more appro-
priate from economic and technological point of view. So, according to this research,
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residual stress is not restriction factor for using cellulose coated electrode during
welding of pipe joints.
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Chapter 27
Comparison Analysis Between Different
Technologies for Manufacturing
Patient-Specific Implants

Georgi Todorov, Yavor Sofronov, and Krasimira Dimova

Abstract The demand for improved, fast and effective way to produce patients-
specific implants has led to the developing new technologies in Implantology. The
increasingly advanced development of methods for materialization of products used
in Medicine allows the introduction of new materials with better characteristics and
more efficient usage of the resources for manufacturing. The Virtual Prototyping
and Rapid Prototyping technologies are used in the manufacturing process of the
products such as personalized implants and prostheses, dental implants and joint
implants, intervertebral discs, medical instruments and devices for fixation and guid-
ance. Applying those technologies improves the process of designing and producing
patient-specific implants. Actually, the goal of the process is to minimize the extra
removal of tissues and to improve the precision of the process suggesting exact
Prototyping technology for personal case. The research compares in few aspects
the manufacturing technologies of cage type spinal implant. A patient-specific cage
type implant is in the area of interest of the paper especially a comparison of the
manufacturing technologies for producing it.

Keywords Technologies ·Manufacturing · Patient-specific implants

27.1 Introduction

In the field of Implantology not only surgical implementation it is important part
of the process but the implant’s manufacturing. With the developing the Medicine
more and more technologies are involved in the innovations. Nowadays, Virtual
and Rapid prototyping are developing as research areas that use basic engineering
principles for solving complexproblems in the humanbody in amedical environment.
The physical prototyping could be accomplished with additive technology—in the
current research were chosen SLM and FFF technology or subtractive technology. In

G. Todorov · Y. Sofronov · K. Dimova (B)
FIT-Faculty of Industrial Technology, Technical University of Sofia, Sofia, Bulgaria
e-mail: krdimova@tu-sofia.bg

Laboratory “CAD/CAM/CAE in Industry”, Sofia, Bulgaria

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. Rackov et al. (eds.), Machine and Industrial Design in Mechanical Engineering,
Mechanisms and Machine Science 109,
https://doi.org/10.1007/978-3-030-88465-9_27

299

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88465-9_27&domain=pdf
mailto:krdimova@tu-sofia.bg
https://doi.org/10.1007/978-3-030-88465-9_27


300 G. Todorov et al.

certain clinical cases, the additive technologies are very suitable for creating patient-
specific implants, and it is possible to select a suitable material for producing, which
must be biocompatible [1]. At the other hand Subtractive technologies might be
better option in some clinical cases. Additive technologies, both metal and plastic
printing, continue to expand their design capabilities, improving the functions and
complexity of implants. Traditional methods, such as machining, are also being
improved especially the control and precision, but for some cases and parts, which
have a complex geometry, they still require a wide range of machines and highly
qualified personnel. The aim of the research is make comparison analysis between
different technologies for manufacturing of cage type spinal implant considering
the implants material, complexity, dimensions and other factors and using Virtual
prototyping [2].

27.2 Methods and Materials

For the aims of the research was used a 3D model of cage type spinal implant. With
some of the existing Additive and Subtractive technologies and the help of CAM
(Computer AidedManufacturing) software and a 3D slicing software were evaluated
the implant’s precision and cost. For the current case was chosen the optimal material
and technology for producing. The materials in Implantology should have specific
characteristics like bio-compatibility, strength, corrosion resistance, fatigue strength.
The most common materials in Implantology are titanium alloys and plastics, rarely
used material is ceramic. For the research are compared Ti6Al4V, PEEK (Polyether
ether ketone) and ceramic [3]. With increasing the complexity of the part its cost is
increasing too, both in Subtractivemanufacturing and inAdditivemanufacturing. But
in Additive manufacturing there is a point beyond which the levels of complexity and
customization is free, which make the technology more suitable for complex shapes
as its shown on Fig. 27.1 [4]. The total number of required parts is a key design
consideration when selecting a manufacturing technology [5]. The patient-specific
implants require unique design for that reason the Additive technology is competitive
to Subtractive technology in that case. In cases where are required large number of
parts the Subtractive manufacturing might be more suitable as it shown on Fig. 27.2.

These advantages of the Additive manufacturing include less material consump-
tion, increasing design complexity, opportunity to produce direct assembly, variety
of materials [8]. Also applying Subtractive manufacturing technology results in a lot
of rawmaterial waste, which is often expensive titanium alloy [9]. One of the flaws of
the Additive process is quite rough surfaces, which could require additional finishing
operation like sanding or blowing [10]. The right chose of technology depends also
on number of required series, the complexity of the shape, the material and technical
requirements.
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Fig. 27.1 Cost of the part considering its complexity in traditional and in additive manufacturing
[6]

Fig. 27.2 Cost per parts
considering the number of
parts [7]

The involved additive technologies in the research are: SLM (Selective Laser
Melting), FFF (Fused Filament Fabrication) and are compared to the CNC technolo-
gies. The study compares themanufacturing technologies bywhich the cage could be
accomplished using only different Virtual systems for CAM and software for slicing:

– SLM technology—Selective Laser Melting is method which melts metallic
powder with laser to produce metal with unlimited complex shape. Its main
advantage is the independence with respect to material selection [11]. It is a
complex thermo-physical process which requires delicate process determination
to achieving high precision [12]. The first step is importing the generated STL
file of the implant in a slicer software where is chosen the technology and the
material, in the current case- the used material is Ti6Al4V. The material is often
used because of its corrosion-resistance, wear resistance and a good osseointegra-
tion. The main parameters of the process as power of beam, scan strategies, layer
thickness and other. Themetal shrinking should be considered and the positioning
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of the implant. Figure 27.3 shows the first layer and the support structure of the
implant. The software gives the opportunity to calculate the resources including
the cost of material, the cost for manufacturing and cost for extra operations. The
time for printing is shown also.

– FFF technology—Fused Filament Fabrication—the process includes a nozzle
which extrudes a thermoplastic material, layer by layer. The used materials are
main and supporting, as the supporting is low-melting material. The main privi-
leges of the process are printing flexibility, variety of materials, and easy material
switch [13]. The generated STL file from a 3D model of the cage is inserted in
other slicer software, where it is defined material PEEK, the support structures
are generated. Figure 27.4 shows the first layer of the implant and its positioning.

– CNC machining—Computer Numerical Control machining is a method for
producing metal parts where code is written to control the machinery in the
process of subtraction. The code determines the whole machining process. As
main factors that could limit the CNC manufacturing process are tool access and
clearances, and also the level of geometry complexity [7].

Fig. 27.3 a Support structure of the implant and b visualization of 3D printed implant

Fig. 27.4 a Supporting structure of the implant and b visualization of 3D printed implant
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In current case is used a 3D model of the implant and CAM module of software.
The appropriate milling machine is chosen, with 3 or 5 axis. The model’s coordinate
system is adjusted to the machine’s coordinate system. Then it is generated a work-
piece. Titanium alloy is defined as material. The technology includes few operations,
as the main operations are roughing, finishing and the last CNC operation is cutting.
The cutting speed for current material was 100 m/min for Ti6Al4V. The calculated
time for the whole process included all operations was 134 min. Figure 27.5 shows
the process of planning the CNC manufacturing using CAM software.

The CNC machining of a workpiece form PEEK is also part of the research. The
PEEK workpiece has the same dimensions as the one from titanium alloy. The mode
of the technological operations are different also the material cost. When applying
FFF technology the PEEKmaterial is powdered while applying CNCmanufacturing
the material is rod workpiece.

In Table 27.1 are compared the three cases and it was chosen FFF technology
with PEEK material, which is an expensive material, but the technology allows the
inside structure to be half-full, the accuracy of FFF technology is low but enough
for manufacturing the implant. This additive technology is working with main and
supporting material. Considering the results could be summarized that the implant’s

Fig. 27.5 Visualization of the manufacturing simulation of the cage implant
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Table 27.1 Comparison analysis

Material type Mass [g] Material cost
[e/kg]

Manufacturing
cost [e]

Time for
manufacturing
[min]

SLM Ti6Al4V 2 300 100 120

FFF PEEK 3 500 40 30

CNC
manufacturing

Ti6Al4V 40 150 90 134

CNC
manufacturing

PEEK 12 350 70 96

Fig. 27.6 Classification method for Rapid Prototyping choice for implants

geometry and material are the main depended factors for technology choosing. After
the comparison analysis could be concluded that from current case and the use of
Virtual tools was made an optimal chose for manufacturing technology, material and
geometry.

The advantages that Additive manufacturing offers are manufacturing of patient-
specific implant fromplasticswhich allows complex geometrical formswith even less
material. Evaluating eachmanufacturing features wasmade classificationmethod for
Rapid Prototyping choice for implants (Fig. 27.6).

27.3 Results and Conclusion

The classification method could be used in cranial and spinal cases considering
the implant material, complexity, accuracy, RP technology, time and manufacturing
cost. For an example was used a cage type implant and based on the classification
was chosen the optimal material, technology and accuracy for reasonable cost. The
research compares the pros and cons forAdditive andSubtractive rapid prototyping in
the process of manufacturing the implant. The major role of the comparison analysis
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played the applied Virtual tools which reduces the time for evaluating the manufac-
turing parameters. The results for current case show that themost suitable technology
is SLM technology with Ti4Al6V considering the main factors. The method could
be applied in cranial and spinal reconstructions in order to define the best technology
for current clinical case. This classification could be used for operation planning.
To summarize by the initial cage type implant it was made a classification method
which could be applicable in cranial and spinal clinical cases.
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Chapter 28
Effects of Additives on the Mechanical
Properties of Aluminum Foams

Szilvia Gyöngyösi , András Gábora, Gábor Balogh, Gábor Kalácska,
Tamás Bubonyi, and Tamás Mankovits

Abstract The application area of aluminum foams is continuously widening. Large
parts of these application fields rely on the functional properties of metallic foams.
The aluminummaterial and the special cell structure of the foams, however, limit the
functional properties. One possible solution for improvement is the use of different
additives in the material, which modify the mechanical properties and the cell struc-
ture of the foam. Different additives are selected and added to the material, and the
structure and mechanical properties of the foam are tested and evaluated to study the
effect.

Keywords Aluminum foam ·Mechanical properties · Additives · Zirconia

28.1 Introduction

Metallic foams, especially aluminum foams, are advanced materials with continu-
ously developing application areas [1, 2]. Aluminum foams are used as structural
materials, but in most cases the functional properties also important [3]. The scope of
the development is to improve the functional properties where these play a significant
role in the use of the material.

Currently the utilization of the aluminum, aluminum alloy and aluminum struc-
tures is continuously widened due to the continuous development of the alloys
and processing technologies [4, 5]. As the aluminum alloys the aluminum based
composite structures are intensively studied [6, 7]. The material testing of special
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composite structures needs new testing methods and equipment as well [8]. The
detailed knowledge and test results opens the mentioned new application areas. A
typical example is the development of aluminum foams.

The foams have a special structure which basically determines the mechanical
and functional properties. The average cell size and the size distribution are basic
parameters besides the material properties of the cell walls [9]. The most effective
testing method of the cell structure is computer tomography (CT), which reveals the
whole 3D structure. On the CT images the evaluation of the cell structure is possible
in a detailed way [10].

However, if the functional properties are important for a given application, the
strength of the foams would also be significant. It can be evaluated simply with a
compression test, but based on the CT imaged structure, a FEM study is possible
[11, 12].

The base aluminum alloy determines the essential properties of the foam. If some
functional properties must be improved, additives are necessary. The base alloy is
generally a composite material, so the effect of the potential additives can basically
modify its structure and properties. The main question is how these additives work
in relation to the material and size. This study introduces some special additives.
Different foams are produced with the same technique, and the cell structure and the
mechanical behavior are compared to a basic foam. The test results show how these
additives change the basic foam.

28.2 Material and Methods

Aluminum foams are produced by direct method. The raw material is Duralcan®
(A359 + 20%SiC). The raw material was melted at 800 °C and 1.5 V/V% TiH2

powder was added to the melt. The melt and the TiH2 was mixed while the foam was
forming. After foaming the material was cooled down in water.

Two different additives were mixed to the melt before the foaming: ZrO2 particles
(24 V/V%) and WO3 particles (1.5 V/V%). Both additives are heavier than the
aluminum. The size of the particles was significantly different. The average diameter
of the ZrO2 particles was 1 mm, while the WO3 was a powder with 10-30 µm
size. Both additives as solid particles were easily mixed with the molten Duralcan®
material. In the following, Al denotes the original foam, Al(ZrO2) denotes the foam
with ZrO2 addition. According to this scheme Al(WO3) represents the foam which
contained WO3 particles.

The structure of all three foams was checked with computer tomography (CT).
The main scope of the CT observation to study the effects of the additives on the cell
structure, as the structure has an essential effect to the mechanical properties of the
foams.
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Small cubes (30 × 30 × 30mm) were prepared from the produced foams and
compression tests (5 mm/min) were made to determine the strength of the foams.
An Instron 8801 universal material tester was used for the mentioned compression
tests.

28.3 Results and Discussion

The cell structure of the base aluminum foam is inhomogeneous (Fig. 28.1). It
contains few large pores covered by a lot of small-sized cell. The aspect ratio of
the small pores is nearly one, but in the case of large pores elongation is visible.
These probably formed with the damage of cell walls during the foaming process.

The average size of the ZrO2 particles is 1mm in a narrow distribution (Fig. 28.2.).
These are Ce-doped spherical particles which are originally used in ball mills.
The particles were mixed to the melt before the foaming. The spheres were heavy
compared to the aluminum, therefore the sedimentation in the aluminum melt was a
fast process.

The foaming processmade an extra convection in themeltwhich helped to develop
a relatively homogenous distribution of solid particles. To achieve a good quality
these two effects give only a short time between the end of mixing of the solid
particles into the melt and the foaming.

The large density of the ZrO2 spheres suppress the visibility of the cell walls on
the CT image. On areas where the particles are relatively far from each other, the
cell structure can be observed. The ZrO2 addition did not modify the average size of
the cells, and the mentioned inhomogeneity also can be seen.

Fig. 28.1 Reconstructed CT cross section of the basic foam (a) 2.5D image of the foam made with
a Zeiss Smartzoom5 microscope (b)
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Fig. 28.2 SEM image taken from the ZrO2 spheres (a), and a CT section of the foam with ZrO2
addition (b)

Clustering was observed in the spatial distribution of the ZrO2 spheres. This
phenomenon also shows the inhomogeneity of the pore size. The volumes filled
with small-sized cell contain more spheres. Of course, the sedimentation effect also
can be observed along the height of the foam in a smaller extent. Deeper observation
revealed that the spheres in the structure are covered by aluminum, so the mechanical
connection between the cell walls and the spheres are perfect.

The size of the WO3 particles were the same as the SiC particles in the Duralcan
material. The same amount was added to the melt as the foaming agent. The WO3

particles mixed homogeneously in the molten aluminum, and this homogeneity did
not change during the foaming. The size and the inhomogeneity of the cell size was
also nearly the same as the original foam (Fig. 28.3).

Fig. 28.3 The CT section of
the Al(WO3) foam
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Fig. 28.4 A sample and a compressed foam in the testing apparat

The CT investigation shows that the structure of the foams has not changed
significantly with the addition, so the results of mechanical tests are comparable.
Small cubes were manufactured from the foams, and compression tests were made
(Fig. 28.4). The compression tests were made till the samples fully collapsed.

The results of the compression tests are showed on Fig. 28.5. All curves have an
elastic section at the beginning. After the elastic part the damage of the cell walls
starts, so a plateau forms on the curve. Eventually, the foam becomes dense enough
due to the damages the compresson that the force increases intensively. The different
additives modify the compression curve in different ways and extents. The elastic
limit of the original foam is 2.2 N/mm2, the length of plateau is 56.7% of the height
of the samples (30 mm).

The ZrO2 particle addition reduced the elastic limit of the foam (1.8 N/mm2), and
additionally “straightened” the plateau. This shows that the large particles make the

Fig. 28.5 Typical compression curves of the examined foams
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cell walls weaker. The plateau ends at larger displacement (80%). This also points
out that the cell walls damaged more easily than the original foam.

WO3 small particle addition resulted in a stronger foam. The elastic limit is
doubled compared to the original foam (4.5 N/mm2) however the displacement is
significantly smaller in this case (43.3%). From a mechanical point of view, with the
addition of WO3 a stronger foam can be created.

28.4 Conclusion

Aluminum foams were produced from Duralcan material by direct foaming tech-
nique. The basic foaming process was made with two different additives: ZrO2 large
spheres, and WO3 small particles. The main scope of the foam production was to
enhance different functional properties of the material, but the mechanical behavior
was also examined through compression tests. Besides the compression tests the
structure of the foams was also studied via CT imaging. The results of the observa-
tions and tests show that the cell structures of the foams are inhomogeneous, large
pores can be found in the structure next to smalls ones. The additives did not modify
this feature and the pore sizes significantly. The mechanical properties on the other
hand, changed. The ZrO2 addition decreased the elastic limit in a small extent while
WO3 particle addition doubled it. The effect of the additives on the displacement
was the opposite compared to each other. The ZrO2 sphere addition increased the
displacement in a large extent. So, the ZrO2 addition in thiswaymakes aweaker foam
material which must be taken into in account in its application. The WO3 addition
aside from the functional advances improved the strength of the foam.
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Chapter 29
The Influence of the Hardening
and Tempering Heat Treatment
on the Strength of the CuZn39Pb3 Brass
to Cavitation Erosion

Iosif Lazar, Ilare Bordeasu , Liviu Daniel Pirvulescu, Mihai Hluscu,
Dumitru Viorel Bazavan, Lavinia Madalina Micu, and Cristian Ghera

Abstract The most common procedures for changing the metal structures exposed
to the destructive demands of cavitation erosion are the volumic heat treatments.
Therefore, the paper presents the behavior and resistance results of the CuZn39Pb3
brass structure, obtained by volumic heat treatment at 800 °C, with water quenching,
followed by tempering at 600 °C, with air quenching, to microjets generated by the
hydrodynamic mechanism of vibrating cavitation. The comparison with the deliv-
ered state and with the standard laboratory samples, used in manufacturing ships
propellers (naval brass and CuNiAl I-RNR bronze), shows that the new structure
and the increased hardness, resulting from the heat treatment, lead to a significant
increase in the resistance to vibratory cavitation demands.

Keywords Cavitation erosion · Microstructure · Hardness · Heat treatment ·
Erosion depth · Resistance to cavitation · Brass · Volumic quenching heat
treatment · Tempering

29.1 Introduction

BrassCuZn49Pb3 iswidely used for components operating in low intensity cavitation
conditions, such as: pipe fittings (couplings, elbows, tees), and the gates of the valves
used for plumbing.

Due to its excellent thermal conductivity, it is also used for the pipes of the heat
exchangers and coolers. In order to be used for the components operating in higher
intensity cavitation regimes, such as sailboat propellers or the bushings securing
them on the motor shaft, it is necessary to increase the mechanical properties of the
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surfaces exposed to the cavitation microjets, especially the hardness, simultaneous
with an adequate structure, different from the regular one, made up of a solid solution
α and a β‘ electronic compound [1–3]. The fastest technological process to achieve
these requirements is the volumic heat treatment. Such a heat treatment is quenching
followed by tempering, the same process used in the research, of whose results are
described in this paper.

29.2 Material Used and Heat Treatments Applied

The researched material is brass (CuZn39Pb3) used in pressure and flow control
regulation found in plumbing installations components, where the intensity of the
cavitation-erosion process is not so high. In order for this material to be used for
bushings that secures the ship impellers on the motor shaft, as well as the propellers
for recreational craft, such as sailboats [1, 4], volumic heat treatments are needed in
order to change the initial structure, as well as the hardness of the surface exposed
to the vortex cavitation.

The volumic heat treatment is imposed by the necessity for increasing the resis-
tance to the erosion action caused by the vortex cavitation, limited in time and of
moderate intensity, resulted from a low engine speed, when compared to the ships
propelled at high speeds, where the intensity of the created vortex is extremely high.

The chemical composition, the mechanical properties and the structure of the
semi-fabricated samples, as determined in the Materials Engineering Laboratory at
the Polytechnic University of Timisoara, are as follows [1, 2]:

• chemical composition: 57.7% Cu, 38.49% Zn, 3.3% Pb, 0.2% Fe, 0.1% Ni, 0.2%
Sn, 0.01% Al;

• the two-phase structure, made up of the solid solution α, with a c.f.c. grid; and
the β′ electronic compound, with a c.v.c. grid;

• Rm = 502 MPa, fluid flow limit Rp0.2 = 365 MPa, elongation yield point A5
= 18%, longitudinal young’s modulus of elasticity E = 97 GPa, density ρ =
8.47 g/cm3, hardness (average of 8 measurements) 124 HV0.5.

The applied heat treatment consists in heat treatment at 800 °C (for 40 min) with
water quenching, followed by tempering at 600 °C (for 60 min) with air quenching.

In order to simplify the analysis and distinguish from the delivered state samples,
the annotation used in this paper for the brass samples subjected to heat treatment is
C800/R600.

Out of the mechanical characteristic resulted from the heat treatment, only the
hardness was assessed, as this is themechanical property that has a significant impact
on the resistance to the destructive demands of the cavitation [5, 6]. The average
arithmetic value of the eight measurements performed on the surface of one of the
three samples subject to testing is equal to 133.8 HV05, representing a 7.9% increase
compared to delivered state.
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Fig. 29.1 Image taken with the microscope before the exposure to cavitation erosion

The image (see Fig. 29.1), obtainedwith theOLIMPUSSYX7opticalmicroscope,
shows that tempering at 600 °C, after hardening at 800 °C, has led at two processes
occurred in parallel: one that increased the α-phase solubility into β-phase, causing a
slightly decrease in the amount of α-phase grains, and another one of a more intense
coalescence of the small acicular α-phase grains, forming larger, polygonal grains.

29.3 Experimental Results and Analysis

The research to cavitation erosion was performed on the standard vibrating device
with piezoceramic crystals, of the Cavitation Research Laboratory from Polytechnic
University of Timisoara. The used procedure, specific to the laboratory protocols, is
described in [7, 8] according to ASTM G32-2010 international standards and norms
[9].

For consistency, three samples were exposed to cavitation erosion for a total
duration of 165 min, divided in 12 intermediary durations, as follows: one of 5 and
one of 10min, and 10 durations of 15min each. At the beginning of the cavitation test
and after the end of each testing period, the probes were weighted using an analytical
balance, with a precision of 0.01 mg. in order to obtain the mass losses. Also, for
accuracy, at the end of the cavitation exposure, before weighing, the samples were
washed in a drinking water jet, double distillated water and finally with acetone
and there were also dried in a stream of warm water. From the mass losses was
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determined the mean depth of the cumulative erosion MDE and the mean erosion
penetration velocityMDER, using the relations established in our laboratory (see the
procedure in [3, 4]) values employed for the diagrams of Figs. 29.5, 29.6 and 29.7.
According to ASTMG32-2010 requirements, double-distilled water was used as the
liquid environment, at a constant temperature of 22 ± 1 °C, and the surface exposed
to cavitation was polished to a roughness of Ra = 0.2 μm.

The effect of the heat treatment (C800/R600) on the behavior and resistance
of the brass (CuZn39Pb3) when exposed to cavitation erosion, is highlighted by
the evolution of wear in the exposed areas of the three samples, as seen in the
photographic images (see Fig. 29.2), and in the SEM image (see Fig. 29.3).

In Fig. 29.2 it can be seen that, after the first 15 min of cavitation attack, the
damage to the surface area is mostly characterized by plastic deformations and by
generation of pitting/cracks and, after 90 min, the eroded area expands its surface
and depth. As the duration of the exposure to cavitation increases, and until the test
is complete, the erosion continues mainly with the depth increasing damage, while
the number of crevices increases mainly towards the edges of the eroded area (see
also Fig. 29.3).

Fig. 29.2 The evolution of the eroded area according to the cavitation exposure duration (recorded
with a Canon A480 camera)

Fig. 29.3 SEM and macroscopic images of the eroded microstructure, after 165 min of exposure
to cavitation (images taken from the central area of the surface exposed to cavitation)
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The SEM image (see Fig. 29.3) shows the crack and tearing propagation, by the
formation of crevices, as a response of the structure to strain caused by the impact
of the microjets, generated by the implosion of the cavitation bubble.

In Figs. 29.4 and 29.5 are presented the results of the cavitation experiments.
Those are expressed by the experimental values of the three tested samples and by
mediation curves MDE(t) and MDER(t), developed analytically with the equations
of the laboratory [10, 11]. These diagrams also show the values of the parame-
ters MDEmax, MDERmax and MDERs, as recommended by the ASTM G32-2010
international norms, and used in the laboratory protocol [12].

By analyzing the dispersion of the experimental values, for an average cumulated
depthMDE (see Fig. 29.4) and for the average erosion rateMDER (see Fig. 29.5), it is
shown that the hardness of 133.8HV0.5 and themodified structure, obtained after the
heat treatment, determine this behavior and resistance. The 0.16 μm/min difference
(see Fig. 29.5) between thefinalMDERs value and themaximumMDERmax value it is

Fig. 29.4 The evolution of the mean depth of erosion with the duration to cavitation exposure

Fig. 29.5 The evolution of the mean depth of penetration rate, with the duration to cavitation
exposure
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Fig. 29.6 Comparison of the mean depth erosion rates variations with the cavitation exposure
duration, only for the naval brass

Fig. 29.7 Bar chart of the resistance to cavitation erosion estimated by comparing the values of
specific parameters

normal one and it lieswithin the acceptable interval for such a complex hydrodynamic
process, like the cavitation erosion [5, 6, 10, 11].

The evolution of the approximation curves for the experimental values (average
for the tested three samples) (see Fig. 29.6), clearly indicates the significant increase
in the behavior and resistance after the C800/R600 heat treatment (curve 3), in
comparison with the delivered state brass (curve 1) and with naval brass (curve 2).
The maximum and leveling values (recorded at minute 165, at the end of the test),
indicated on curve 3, are clearly lower than the values indicated on the curve for the
delivered state of samples. This significant increase is a result of an increase in the
HV0.5 hardness and the structure resulted from the heat treatment.
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The bar chart (see Fig. 29.7) shows the values of the parameters used in the
Cavitation Research Laboratory at the Polytechnic University from Timisoara [12],
and recommended by the ASTM G32 [9] international norms, in order to evaluated
by comparison the resistance of a surface to cavitation erosion.

The comparisons (see Fig. 29.6) and the bar chart (see Fig. 29.7) shows
that, compared to the characteristics of the delivered state, the average erosion
depth MDEmax is around 2.72 lower, and the speed of cavitation erosion MDERs,
respectively the resistance to cavitation erosion Rcav = 1/MDERs are around 2.41
lower.

When compared with the two reference materials, naval brass and bronze CuNiAl
I-RNR, (used for the propellers of the river and sea ships), the heat treated brass
(C800/600) has a distinct behavior. Therefore:

• the comparisonwith the naval brass shows that the average erosion depthMDEmax

decreases by about 51%, while the resistance to cavitation erosion-corrosion Rcav

increases by about 43%.
• the comparison with the bronze CuNiAl I-RNR shows that the average erosion

depth MDEmax increases by about 59%, while the resistance to cavitation erosion
Rcav decreases by about 34%.

This observation indicates the need to pursue further studies, with other types of
treatments, using different parameters of the technological process that will lead to
structures andmechanical properties that ensures an increase of theCuZn39Pb3 resis-
tance to cavitation erosion generated by the high intense regimes of the hydrodynamic
cavitation [6], superior to the naval bronze CuNiAl I-RNR.

29.4 Conclusions

The evolution of the eroded area in relation to the duration of the cavitation test,
with the formation of the outer ring of erosion and of the star-shaped crevices in the
exposed sample surface, respects the specific mechanism of the vibratory cavitation.

TheSEMimages show that the crackgrids start at the boundarybetween the grains.
The degree of damage in the surface exposed to cavitation depends on the structure
type, as well as on the hardness level resulted from the applied heat treatment.

By comparing the state obtained by volumic heat treatment, with the delivered
state (semi-finished) brass CuZn39Pb3 and with naval brass, by the evolution of
the characteristic curves and of the reference parameters values, the applied heat
treatment leads to an increased resistance to cavitation demands.

The comparison of the state resulted from the volumic heat treatment, with the
naval bronze CuNiAl I-RNR indicates the need to pursue further analysis using
different parameters for the volumic heat treatment, in such a way that the increased
resistance allows the use of the heat-treated brass in components operating in intense
cavitation conditions, such as those occurring at ship propeller operation.
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The research results and the assessments performed based on the specific curves
and on the values of the reference parameters, MDEmax and Rcav, confirms that,
after applying this heat treatment, the brass CuZn39Pb3 can be used for components
operating in moderate-cavitation hydrodynamic conditions.
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Chapter 30
MCDM Approach in Choosing
the Optimal Composite Shaft
Material—Application of SAWMethod

Zorica Djordjevic, Sasa Jovanovic, Sonja Kostic, Amra Talic-Cikmis,
and Danijela Nikolic

Abstract In this paper, the selection of materials for production of shafts is consid-
ered from the aspect of the influence of a large number of parameters (mechanical
characteristics of the material, density or mass of the shaft, fiber orientation angle
in composite materials, shaft bending displacement values, free frequencies, etc.).
In order to include all the above criteria in the selection of materials, the approach
of Multi-Criteria Decision-Making (MCDM) using the Simple Additive Weighting
Method (SAW) was applied. The analysis was performed for four different shaft
materials (steel, aluminum, Carbon Fiber Reinforced Polymers CFRP and Glass
Fiber Reinforced Polymers GFRP). The results of the analysis showed that the best
characteristics, in addition to steel shafts, have composite shafts made of CFRP and
GFRP with fiber orientation 0° and that they can be their adequate replacement,
especially in systems where the weight of the structure is to be as small as possible.

Keywords Composite materials · Shafts · SAW method

30.1 Introduction

Composite materials are a combination of two or more materials with different
mechanical and physico-chemical properties in order to obtain materials with
improved characteristics in relation to the constituent components. Some of the
advantages of composite concerning to traditional metallic materials are reflected in
increased tensile strength, impact resistance, vibration, fatigue, temperature changes,
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reduced weight and the like. The specificity of composite materials is that these char-
acteristics can vary depending on the amount and type of material used, and the angle
of orientation of the fibers in the composite.

Composites consist of fibers and amatrix. Fibers (carbon, glass, aramid, etc.) form
the supporting part of the composite, while the matrix (metal, polymer, ceramic, etc.)
serves to bond and transfer loads between the fibers, gives shape to the structure,
prevents damage to the fibers, etc.

Composite shafts, in comparison with steel, are characterized by increased load
capacity, reduced weight, higher fatigue endurance, extremely harmonious vibration
damping, the increased value of critical speed, etc. Carbon or glass fibers in combi-
nation with epoxy or polyester resin are most often used to make shafts. Also, hybrid
shafts obtained by a combination of metal (steel or aluminum) and a composite
material give good results.

When choosing an adequatematerial for the productionof shafts, a large number of
material characteristics, ie criteria must be taken into account (physical and mechan-
ical characteristics should be maximum, while the weight, price and weightiness
of the production organization should be minimal). Since the problem of mate-
rial selection is very complex, it is recommended to apply some of the methods
of MCDM.

Not so many researchers have proposed a specific analysis model to select the
right material for a particular application. In study [1], the selection of suitable
natural fibers for resin reinforcement for the production of roto molded product was
analyzed, using the technique of MCDM. In particular, the MOORA and TOPSIS
methods were used. It was concluded that, as far as natural fibers are concerned, the
best properties for this purpose were shown by coconut fibers.

Researchers in [2] dealt with the analysis of mechanical properties of polyamide-
based composites in combination with carbon fibers from the aspect of engineering
application. An integrated multicriteria approach in material selection was applied,
using the fuzzy best–worst method and the fuzzy G-VIKOR method.

The analysis of polymer composite materials reinforced with sugar palm fibers
using three different multicriteria methods (AHP, TOPSIS and ELECTRE) was
performed by researchers in [3].

Researchers have shown that the application of the method of MCDM can signif-
icantly facilitate the choice of materials in the automotive industry [4]. For this
purpose, they used the methods of MOORA, TOPSIS and VIKOR.

30.2 Selection of the Composite Shaft Material

The analyzed shaft has an annular cross section 1 m long, 0.05 m middle radius,
and 0.005 m wall thickness. The influence of the shaft material and the angle of
orientation of the composite fibers on the values of maximum displacements due to
bending and free frequencies of the shaft is considered.
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Table 30.1 Material property values

Material Elastic
modulus,
E1 (MPa)

Elastic
modulus,
E2 (MPa)

Shear
modulus,
G12 (MPa)

Density, ρ
(kg/m3)

Max.
deflection, f
(mm)

Free
frequencies,
fs (Hz)

Steel 210,000 210,000 83,000 7830 0.087 277.6

Aluminum 70,000 70,000 2800 2600 0.262 278.2

CFRP(0)4 130,000 10,000 7000 1500 0.440 426.7

GFRP(0)4 40,300 6200 3000 1900 0.984 232.4

CFRP(90)4 130,000 10,000 7000 1500 1.495 139.8

GFRP(90)4 40,300 6200 3000 1900 2.521 111.7

Type of
criteria

Max Max Max Min Min Max

The results were obtained numerically using the software FEMAP andNeNastran.
The shaft is modeled by isoparametric quadrangular finite elements in the form of
multilayer shells. Composite shafts are made as laminates consisting of 4 layers—
lamina.

The analysis was performed for the following materials: steel, aluminum, CFRP
and GFRP. Composite shafts were considered with a fiber orientation angle of 0º
(CFRP(0)4 and GFRP(0)4) and 90º (CFRP(90)4 and GFRP(90)4).

The mechanical characteristics of the analyzed materials as well as the obtained
values of maximum displacements and free frequencies of the shaft, are given in
Table 30.1.

30.2.1 Application of MCDM Methods in the Selection
of Optimal Material

The decision-making process is used in management theory as part of the process of
solving a certain problem. Many authors of management theory consider decision-
making to be one of the most important tasks, both at the strategic and opera-
tional levels. Multi-criteria decision-making (MCDM) is a relatively new discipline,
which through its development, should provide support to decision makers who
face numerous and very often conflicting influencing factors. This method aims to
maximize the quality of the decision following the selected criteria.

Methods ofmulti-criteria decision-making in the conceptual sense are not particu-
larly complex and are easier to understand than classical single-criteria optimization.
The most common division of MCDM procedures presupposes the existence of two
basic groups of thesemethods [5–8], namely theMultiple Attribute DecisionMaking
method (MADM) and the Multiple Objective Decision Making method (MODM).
As the choice of one (best) of alternatives (materials) from a limited number of alter-
natives (materials) is sought within the set problem analyzed in this paper, we opted
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for the SAW method, which belongs to the group of MADM methods. The SAW
(Simple Additive Weighting Method) method is a relatively simple method of multi-
criteria decision-making, which takes into account the weight of the selected criteria.
For each possible alternative solution, the so-called summary characteristic (Ai)—
the value obtained by summing the products of relative weighting factors (Wj’) and
normalized performance values according to all selected criteria (rij). The alternative
that corresponds to the highest calculated value of the summary characteristic (A*)
is the optimal solution:

A∗ =
⎧
⎨

⎩
Ai

∣
∣
∣
∣
∣
∣
max

i

n∑

j=1

W ′
j ri j

⎫
⎬

⎭
(30.1)

30.2.2 Multicriteria Analysis of Material Characteristics

The paper analyzes a total of six different materials (alternatives, solutions) for
six different characteristics (criteria), in fact for four materials, two of which have
different fiber orientations. In the Table 30.2, the values of the selected character-
istics for the considered materials are presented. At the same time, the types of
criteria-characteristics are indicated and classified into those of maximization (max,
the higher the value, the better the material characteristic) and minimization (min,
the smaller the value, the better the material characteristic). Table 30.2 shows the
values of normalized factors rij, obtained by one of the pre-ordered methods of data
normalization.

The values of weight coefficients were determined using the Seaty procedure
(Tables 30.3, 30.4 and 30.5). In order to examine the stability of the solution—the

Table 30.2 of normalized values of material characteristics (rij)

material Elastic
modulus,
E1 (MPa)

Elastic
modulus,
E2 (MPa)

Shear
modulus,
G12 (MPa)

Density, ρ
(kg/m3)

Max.
deflection, f (
mm)

Free
frequencies,
fs ( Hz)

Steel 1 1 1 0 1 0.53

Aluminum 0.18 0.31 0 0.83 0.93 0.53

CFRP(0)4 0.53 0.02 0.05 1 0.85 1

GFRP(0)4 0 0 0 0.94 0.63 0.38

CFRP(90)4 0.53 0.02 0.05 1 0.42 0.09

GFRP(90)4 0 0 0 0.94 0 0

Type of
criteria

1 1 1 0 1 0.53
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Table 30.3 Values of weighting coefficients (Seaty scale-procedure), variant 1

Variant 1 (Wi1
′)

k1 k2 k3 k4 k5 k6
∑

Wi1
′

k1 1 3 3 1 0 1 9 0.15

k2 0 1 1 0 0 0 2 0.033333

k3 0 1 1 0 0 0 2 0.033333

k4 1 3 3 1 0 1 9 0.15

k5 5 7 7 5 1 5 30 0.5

k6 1 3 3 1 0 1 8 0.133333
∑

60 1

Table 30.4 Values of weighting coefficients (Seaty scale-procedure), variant 2

Variant 2 (Wi2
′)

k1 k2 k3 k4 k5 k6
∑

Wi2
′

k1 1 1 1 1 1 1 6 0.166667

k2 1 1 1 1 1 1 6 0.166667

k3 1 1 1 1 1 1 6 0.166667

k4 1 1 1 1 1 1 6 0.166667

k5 1 1 1 1 1 1 6 0.166667

k6 1 1 1 1 1 1 6 0.166667
∑

36 1

Table 30.5 Values of weighting coefficients (Seaty scale-procedure), variant 3

Variant 3 (Wi3
′)

k1 k2 k3 k4 k5 k6
∑

Wi3
′

k1 1 3 3 0 0 0 7 0.090909

k2 0 1 1 0 0 0 2 0.025974

k3 0 1 1 0 0 0 2 0.025974

k4 5 7 7 1 1 1 22 0.285714

k5 5 7 7 1 1 1 22 0.285714

k6 5 7 7 1 1 1 22 0.285714
∑

77 1

choice of the optimal material, an analysis was performed for three different variants
of weight coefficients, depending on the preference of certain characteristics.

On Figs. 30.1 and 30.2 the summary characteristics (Ai) for all three variants
of weight coefficients for all six potential shaft materials are given. By analyzing
both diagrams, it can be seen that steel has the best cumulative characteristic, in two
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Fig. 30.1 Diagram representation of summary characteristics for three variants of performance
weights—criteria for six shaft materials

Fig. 30.2 Diagram representation of summary characteristics for three variants of performance
weights—criteria

of the three cases, but that the average value is very close to the material made of
polymer-reinforced carbon fibers (CFRP(0)4).
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30.3 Conclusion

The process of selecting the optimal material represents a significant and sensi-
tive phase in the product design process. Within this phase, the constructor must,
in accordance with the available material characteristics and the requirements of
the potential construction, make an appropriate decision using an adequate method.
Solving this type of design problem is most often done through the application of
some of the methods of multi-criteria decision-making (MCDM). The paper specif-
ically applies the method of additive weight factors known as the SAW method. Six
selected materials (two “classic”, steel and aluminum and four composite) presented
with six different characteristics were analyzed. The characteristics of the mate-
rial were treated as criteria, which, depending on the assessment and affinity of the
constructor, were assigned different weight coefficients in the three presented vari-
ants. Based on a comparative analysis of the distribution of weight coefficients, it
was concluded that of the sixmaterials considered, the best characteristics (observing
all three variants with different weight coefficients), during bending, showed shafts
made of steel and composite of carbon fibers reinforced with polymers (CFRP(0)4).
In each of the three variants of weight coefficients these two materials showed better
characteristics than the others.
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Chapter 31
Experimental Analysis for Defining
Mechanical Properties of Steel Sheet
Metal on Different Material Thickness

Florinda Sejfullai, Tasuli Taleski, Bojan Mitev, and Atanas Kochov

Abstract Thepresent study investigates the tensile properties ofDX51Dondifferent
specimen thicknesses. The experimental studywas conducted using rectangular spec-
imens with different thicknesses ranging from 0.6 to 1.2 mm, a gauge length of
100 mm and a width of 12 mm. The results show that the ultimate tensile strength
and yield strength or the material are not significantly affected by the difference in
specimen thickness. For greater specimen thickness, the elongation of the material
appears to increase.

Keywords Tensile test · Tensile properties · Steel

31.1 Introduction

Tensile properties such as strength parameters, like ultimate tensile strength and
yield strength and ductility parameters, like elongation and area reduction are often
necessary to bemeasured in order to determine the tensile properties ofmaterials, and
for this, specimens with a rectangular cross-section are commonly used in standard
methods of testing. The shape and geometric size of the specimens can be chosen
according to the ASTM standards, however, in many cases, the specimens don’t
always correspond to the ASTM standard, and non-standard tensile specimens which
vary in thickness and geometry (shape) are often used to examine the tensile behavior
of the material. The ASTM standard does not give an exact requirement for the
thickness of the specimen, and the thickness can vary over a wide range [1].

The tensile strength is determined with a tensile test (a standard method of testing
in accordance with the ISO 6892 series of standards for metals) [2].

The tensile properties and the effects of the thickness of a rectangular specimen
have been investigated. The data results are plotted in a stress–strain curve which
shows the material’s reaction to the forces being applied. Rectangular specimens
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with different thicknesses have been used to examine the tensile properties and the
effects of the thickness of a rectangular specimen on the results.

31.2 Materials and Experimental Method

In this study, the tensile behavior of rectangular (dog-bone) tensile specimens with
different thicknesses of 0.6, 0.8, 1.0 and 1.2 mm were investigated. Because of its
technical application, the material used in this study is DX51D steel. The parameters
of the specimens investigated in the study are given in Table 31.1.

The quasi-static tensile tests were performed in the accredited laboratory for
testing of mechanical properties LT-04 at the Faculty of Mechanical Engineering in
Skopje on a SHIMADZU AGX-V series material testing machine with a load cell
capacity of 10 kN, measurement accuracy of ±1% of indicated test force, displace-
ment speed of 5 mm/min, at room temperature. The specimens were clamped using
pneumatic grips equipped with flat serrated jaw faces, as shown in Fig. 31.1.

Table 31.1 Specimen parameters

Group Steel grade Thickness (mm) Gauge length (mm) Width (mm)

I DX51D 0.6 100 12

II DX51D 0.8 100 12

III DX51D 1.0 100 12

IV DX51D 1.2 100 12

Fig. 31.1 Specimen
alignment using pneumatic
grips
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During testing the value of the load and elongation were recorded continuously.
The recorded data for each specimen were obtained from the data gathering soft-
ware TRAPEZIUMX. The linear relationship of load and extension was then used
for the calculation of the engineering stress and strain and plotting the Stress–Strain
diagrams. The main parameters that were calculated are: tensile strength (maximum
engineering stress), yield strength (defined as the 0.2% offset yield stress) and
elongation.

31.3 Experimental Results and Discussion

The tensile tests were performed on the specimens shown in Fig. 31.2. Figure 31.3
shows the experimental results recorded by the software TRAPEZIUMXof the spec-
imens with a thickness of 0.6 mm. The average displacement (elongation) for the
tested specimens is 22.7 mm.

The obtained results for all the specimens in the first group are plotted in the
Stress–Strain curves shown in Fig. 31.4 and Table 31.2.

TheYield Strength of the tested specimens is in the range from 346 to 356N/mm2.
The average values for Ultimate Tensile Strength andYield Strength are 397MPa and
350MPa, respectively. It is evident that all four specimenswith a thickness of 0.6mm
showed almost identical mechanical characteristics with minimal differences.

Fig. 31.2 Snapshots after the tensile stress of specimens with different thickness: a 0.6 mm; b
0.8 mm; c 1.0 mm; d 1.2 mm

Fig. 31.3 Group I: Force and stroke history plots for DX51D specimens with a thickness of 0.6 mm
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Fig. 31.4 Stress versus strain curves for DX51D specimens with a 0.6 mm thickness

Table 31.2 Tensile
properties results for DX51D
specimens with a 0.6 mm
thickness

Specimen Max. force (N) Tensile strength (N/mm2)

Specimen 1 2849.5 395.8

Specimen 2 2819.3 391.6

Specimen 3 2891.8 401.6

Specimen 4 2881.9 400.3

The values given depend on a number of variables that directly influence the
measurement results. These include the method of material production, material
composition,microscopic imperfections and temperature. For this reason the diagram
of each specimen has slight differences. In the first phase of the test, stress and strain
were proportional (elastic deformation of the material). In the second phase the
material was strained beyond its elastic capacity, and the first plastic deformations
started to take place. In the third phase the stress continued to rise sharply, which
caused hardening of the material and a need for a larger force for further plastic
deformation. Once the specific maximum force of the material was exceeded, the
specimen began to neck (fourth phase), which caused the cross-section to reduce and
ultimately tear. The four main phases were present in each group of specimens.
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Figure 31.5 shows the experimental results recorded by the software TRAPEZ-
IUMX of the specimens with a thickness of 0.8 mm.

The average displacement (elongation) for the tested specimens is 26.2 mm. The
obtained results for all the specimens in the second group are plotted in the following
Stress–Strain curves, shown in Fig. 31.6 and Table 31.3.

TheYield Strength of the tested specimens is in the range from 332 to 345N/mm2.
The average values for Ultimate Tensile Strength and Yield Strength are 396 MPa
and 340 MPa, respectively.

Figure 31.7 shows the experimental results recorded by the software TRAPEZ-
IUMX of the specimens with a thickness of 1.0 mm. The average displacement
(elongation) for the tested specimens is 29.7 mm.

Fig. 31.5 Group II: Force and stroke history plots forDX51D specimenswith a thickness of 0.8mm

Fig. 31.6 Stress versus strain curves for DX51D specimens with a 0.8 mm thickness
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Table 31.3 Tensile
properties results for DX51D
specimens with a 0.8 mm
thickness

Specimen Max. force (N) Tensile strength (N/mm2)

Specimen 1 3832.4 399.2

Specimen 2 3774.8 393.2

Specimen 3 3805.1 396.4

Fig. 31.7 Group III: Force and stroke history plots for DX51D specimens with a thickness of
1.0 mm

The obtained results for all the specimens in the third group are plotted in the
following Stress–Strain curves, shown in Fig. 31.8 and Table 31.4.

TheYield Strength of the tested specimens is in the range from 272 to 280N/mm2.
The average value for Ultimate Tensile Strength and Yield Strength is 356 MPa and
276 MPa, respectively.

Fig. 31.8 Stress versus strain curves for DX51D specimens with a 1.0 mm thickness
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Table 31.4 Tensile
properties results for DX51D
specimens with a 1.0 mm
thickness

Specimen Max. force (N) Tensile strength (N/mm2)

Specimen 1 4327.9 360.6

Specimen 2 4287.6 357.3

Specimen 3 4204.3 350.4

Figure 31.9 shows the experimental results recorded by the software TRAPEZ-
IUMX of the specimens with a thickness of 1.2 mm. The average displacement
(elongation) for the tested specimens is 32.7 mm.

The obtained results for all the specimens in the fourth group are plotted in the
Stress–Strain curves shown in Fig. 31.10 and Table 31.5.

Fig. 31.9 Group IV: Force and stroke history plots for DX51D specimens with a thickness of
1.2 mm

Fig. 31.10 Stress versus strain curves for DX51D specimens with a 1.2 mm thickness
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Table 31.5 Tensile
properties results for DX51D
specimens with a 1.2 mm
thickness

Specimen Max. force (N) Tensile strength (N/mm2)

Specimen 1 5111.2 355.9

Specimen 2 5101.7 354.3

TheYield Strength of the tested specimens is in the range from 308 to 312N/mm2.
The average value for Ultimate Tensile Strength and Yield Strength is 355 MPa and
310 MPa, respectively.

The experimental results indicate that for a constant test rate, the tensile strength
decreases with increasing the specimen thickness. However, evaluating the results’
plots, it is possible to note that the maximum tensile strength for the 1.0- and 1.2-
mm specimen was 356 and 355 MPa, respectively. The tensile strengths for 0.6- and
0.8-mm thick specimens were as high as 397 and 396MPa, respectively, when tested
at a constant test rate. Nevertheless, even for the specimens with the same material,
it was not possible to match the reported values due to difference in the specimen
geometry and specimen preparation. According to Raulea et al. [3] both the yield
strength and tensile strength decrease with decreasing sheet thickness in his study,
where specimen thickness ranged from 0.17 to 2.0 mm. According to Kals et al.
[3–5] this outcome was mainly due to the impact that the free surface had on the flow
stress of grains positioned at the specimen surface. In this study, the influence of the
free surface on the tensile properties was not significant for the range of thicknesses
tested, therefore the effect of surface stress on the tensile properties is not further
investigated. There were insignificant changes in the tensile strength and the yield
strength of DX51D steel as the thickness of the specimen increased. It was concluded
that the ultimate tensile strength and yield strength of DX51D steel in this case, is
independent of the specimen thickness. The range of specimen thickness tested in
the study did not provide a clear correlation between specimen thickness and tensile
properties.

The strength difference of the specimens with a thickness of 0.6 mm and 0.8 mm,
and, 1.0 mm and 1.2 mm was very small and can be ignored.

However, there’s a clear correlation between specimen thickness and elongation of
the material. The results show that as the thickness increased from 0.6 to 1.2 mm the
% elongation of DX51D steel increased from 22.7 to 32.2%. According to Zhao et al.
[6] the thickness of the specimen affects the necking deformation at the gauge center
of the specimen. The stress distribution before necking over the gauge section of
the specimens is uniform. Plastic deformation occurs over the entire section. After
necking the plastic deformation area of the specimen along the length direction
increases with increasing in specimen thickness, and this causes a greater elongation
of the specimen [1], which is in agreement with the obtained results in this study.
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Table 31.6 Summary
table—average values of the
tensile properties

Group Tensile strength
(N/mm2)

Yield strength
(N/mm2)

Displacement
(mm)

I 397 350 22.7

II 396 340 26.2

III 356 276 29.7

IV 355 310 32.7

31.4 Conclusion

In this study, uniaxial tests were performed on DX51D steel in order to measure the
tensile properties and address different specimen thicknesses to investigate the effect
of material thickness on the tensile properties.

The different specimen thicknesses in the tested range did not cause a significant
difference in the obtained results for the ultimate tensile strength and yield strength of
the material, therefore we can conclude that the specimen thickness did not influence
the ultimate tensile strength and yield strength of DX51D steel. The average values
are summarized in Table 31.6.
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Chapter 32
Determination of LCF Plastic and Elastic
Strain Components of Steel

Vujadin Aleksić , Ljubica Milović , Sr -dan Bulatović , Bojana Zečević ,
and Ana Maksimović

Abstract The behavior of steel in low-cycle fatigue (LCF) is tested experimen-
tally, in accordance with ISO 12106:2017 (E) and/or ASTM E 606-04. For this
purpose, smooth specimens which are exposed to low-cycle fatigue at several levels
of regulated strains and/or loads at room, elevated or reduced temperatures are used.
Stress–strain response at LCF has the shape of an ideal hysteresis loop. The strain
range �ε corresponds to overall loop width, while the stress range �σ corresponds
to its overall height. The paper presents a method for determining the intersection
of the idealized hysteresis loop and the positive part of the strain axis in order to
determine the values of elastic, �εe/2, and plastic, �εp/2, components of the strain
amplitude to characterize the behavior of steel under low cyclic fatigue. The values
of elastic and plastic components of the strain amplitude are needed to determine
the characteristic curves of low-cycle fatigue, which describe the behavior of steel
under the loading of low-cycle fatigue.

Keywords LCF—Low cycle fatigue · Strain

32.1 Introduction

Fatigue has the most important role in the fracture of machine parts and steel struc-
tures [1]. A large number of structural damages, caused by steel fatigue, leads to
catastrophic fractures. It is estimated that such damages represent 50–90% of all
damages in operation [2, 3]. Therefore, extensive research has been dedicated to the
study of fractures caused by fatigue load and conditions in which cracks appear and
grow for more than 160 years [4–8].
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Although more than 10 publications related to material fatigue are published in
the world every day [3, 4], the economic impact of fractures of machine parts and
structures in the world is significant and amounts to approximately 4% of the gross
national product [1, 3]. Numerous examples of catastrophic accidents are known,
especially oilfield platform failures [9].

Rapid progress in the field of material fatigue can be tracked by various databases
that can contain millions of records [3]. In Serbia, this is made possible through
the database of the Consortium of Libraries of Serbia for Unified Procurement
(KoBSON).

32.2 Low Cycle Fatigue of Material

Fatigue of material is a phenomenon of gradual destruction, which occurs due to the
long-term action of periodic or cyclic variable stress [10], and results in the crack
initiation. The area of fatigue with high stress values, corresponding macro-strains
and with expressed small number of cycles until the initiation of a fatigue crack is
called low-cycle fatigue (LCF). It ranges from just a few cycles to (1–5)× 104 cycles
(when macro plastic strain become dominant in the fatigue process).

The boundary between low-cycle and high-cycle fatigue is not defined by a
precisely defined number of cycles [11]. The biggest difference is that low-cycle
fatigue is associated with macro plastic strain in each cycle, while high-cycle fatigue
is more related to the elastic behavior of the material on the macro scale.

32.2.1 Low Cycle Fatigue Test of Steel

Low-cycle fatigue behavior of steel is tested experimentally [12–19], in accordance
with ASTM E 606-04 (USA) [20] and/or ISO 12106: 2017 (EU) [21]. For this
purpose, smooth test specimens which are exposed to low-cycle fatigue at several
levels of regulated strains, with an asymmetry factor Rε = εmin/εmax = –1, at room,
elevated or reduced temperatures are used.

Stress–strain response at LCF has the shape of an ideal hysteresis loop [11, 22]
shown in Fig. 32.1. The strain range �ε corresponds to overall loop width, while the
stress range �σ corresponds to its overall height. The stress amplitude equals the
stress half-range, �σ/2.

The strain range�ε is equal of the total elastic component,�εe and plastic compo-
nent, �εp. By introducing the strain amplitudes expressed over the corresponding
half-ranges, the following equation is reached:

�ε

2
= �εe

2
+ �ε p

2
(32.1)
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Fig. 32.1 Ideal hysteresis loop [18]: a σmax and N1 [11], b σ-ε response and c Positive part of loop

32.2.2 Characteristics of Steel NN-70

High strength low alloy steel NIONIKRAL 70 (NN-70), Yugoslav version of Amer-
ican steel HY-100, was used in scientific research for the publication of professional
and scientific papers [14–20], which results were also used in this paper in order to
present the methodology for determining the plastic and elastic part of LCF strain of
steel exposed to low-cycle fatigue. The results used are related to the characteristics
of NN-70 steel, and refer to the chemical and mechanical properties, as well as the
weldability of this type of steel and are given in Tables 32.1 and 32.2.

For this experiment of low cycle fatigue 10 specimens (dimensions 11 × 11 ×
95 mm) were investigated, shown in Fig. 32.2a, b. Also, experiment on total strain
amplitudes ranging from 0.35% to 0.80% was performed.

Low cycle fatigue test, in accordance with ISO 12106:2017 (E) [21], was
performed on a universal servo-hydraulic MTS machine (rating 500 kN), in the
Military Technical Institute in Žarkovo.

The test results of 4 specimens with controlled strain regimes shown in Table 32.3
were considered.

Table 32.1 Chemical composition of NN-70 (%wt.) [12–17]

C Si Mn P S Cr

0.106 0.209 0.220 0.005 0.0172 1.2575

Ni Mo V Al As Sn

2.361 0.305 0.052 0.007 0.017 0.014

Cu Ti Nb Ca B Pb

0.246 0.002 0.007 0.0003 0 0.0009

W Sb Ta Co N Ceq

0.0109 0.007 0.0009 0.0189 0.0096 0.542

Ceq = C+Mn/6+ Si/24+ Ni/40+ Cr/5+Mo/4+ V/14 s.



344 V. Aleksić et al.

Table 32.2 Mechanical properties of NN-70, at room temperature 20 °C [12–17]

Ultimate tensile stress, Rm (MPa) 854.8

Yield stress, Rp0.2 (MPa) 813.4

Modulus of elasticity, E (GPa) Static 211.5

Dynamic, LCF 221.4

Percent elongation, A5 (%) 18.4

Impact toughness (J/cm2) 96.83

Crack initiation energy (J/cm2) 39.60

Crack propagation energy (J/cm2) 57.23

Hardness plate 245–269 HV30

LCF specimen 252–262 HV10

Fig. 32.2 Specimen for LCF test of steel NN-70 [18]: a Symmetry in three planes. b Type of
specimen NN-70 employed in test

Table 32.3 Basic data on controlled strain regimes of LCF test NN-70

Specimen 1 2 3 4 5 6 7

�ε/2 (%) �ε/2 (V) �ε/2
(mm/mm)

�l (mm) �ε (%) T (s) F (Hz)

experiment ε[%] =
ε[V ] · 0.2

1/100 3*25 1*2 experiment 1/6

09 0.35 1.75 0.0035 0.0875 0.70 4.30 0.2326

03 0.50 2.50 0.0050 0.1250 1.00 4.30 0.2326

06 0.60 3.00 0.0060 0.1500 1.20 4.30 0.2326

08 0.80 4.00 0.0080 0.2000 1.60 4.30 0.2326

32.3 Analysis of Low-Cycle Fatigue Test Results

As a result of low-cycle fatigue test on one specimen (one amplitude level of strain),
a record in EXCEL, can be further processed according to requirements by using the
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tools available in EXCEL. Tables 32.4 and 32.5 and Figs. 32.3 and 32.4 were derived
from this process.

Figure 32.3a, b show the maximum and minimum values of the specimen load
during the N cycle of exposure to low-cycle fatigue. In Fig. 32.3c–f, a linear depen-
dence of the maximum values of the load (stabilization area) was established and the
characteristic hysteresis cycles of the beginning of stabilization, Nbs, end of stabi-
lization, Nes and Ns stabilization cycle (defined by standard [21]) from which all
other characteristics of LCF steel are determined. The cycle of significant specimen
failure, Nf (defined by the standard [21]) was also determined. Table 32.4 is made
from graphic part of Fig. 32.3.

Figure 32.4a shows the characteristic cycles from cycle N1/4 to cycle Nf for the
total strain amplitude �ε/2 = 0.5%. In Fig. 32.4b are stabilized hysteresis, Ns, for
the total strain amplitudes �ε/2 = 0.35, 0.50, 0.60 and 0.80%. Figure 32.4c shows
the relationship between the maximum load and the stabilization cycle, Ns, for each
considered amplitude level of strain. From each LCF cycle it’s possible to determine
the value of plastic and elastic strain (Fig. 32.4d). Figure 32.4d shows linearized
sections of the positive part of the x-axis and the part of the hysteresis between the
two measuring points. Using the dependence from Eq. 32.1 and the equation from
Fig. 32.4d, and finally using the following equations:

Table 32.4 Characteristic processed test data of LCF steel NN-70

LCF NN-70 Stabilization regions Characteristic cycles of
stabilization

Specimen �ε/2
(%)

y = F, kN; x = N R2 Nbs Nes Nf Ns =
Nf/2

09 0.35 F = –0.0002 N + 24.30 0.95 812 6740 8329 4165

03 0.50 F = –0.0022 N + 28.57 0.97 256 1271 1402 701

06 0.60 F = –0.0057 N + 29.66 0.94 127 415 501 251

08 0.80 F = –0.0162 N + 30.83 0.94 50 165 207 104

Table 32.5 Calculated LCF elastic and plastic strain amplitude components of NN-70 steel at
characteristic Ns

Sp y = mx – b; y
= 0; x = b/m

Ns �ε/2
(%)

�εp/2
(%)

�εe/2
(%)

σmax (MPa) σmin (MPa) �σ/2
(MPa)

09 �εp =
3.04/61.38

4165 0.35 0.0495 0.3005 608.14 –689.48 648.81

03 �εp =
18.74/109.15

701 0.50 0.1717 0.3283 702.84 –707.19 705.01

06 �εp =
16.93/76.92

251 0.60 0.2201 0.3799 736.15 –698.00 717.07

08 �εp =
27.97/65.04

104 0.80 0.4301 0.3699 761.87 –709.04 735.46
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(a) (b)

(c) Specimen 09, Δε/2=0.35%

(d) Specimen 03, Δε/2=0.50%

(e) Specimen 06, Δε/2=0.60% 

Fig. 32.3 Graphical processing of LCF test results of NN-70 steel

y = mx − b (32.2)

y = F, kN ; x = �εp/2 (32.3)
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(f) Specimen 08, Δε/2=0.80%

Fig. 32.3 (continued)

Fig. 32.4 Graphical results of LCF test of NN-70 steel specimens

F = 0; �εp/2 = b/m (32.4)

�εe/2 = �ε/2− �εp/2 (32.5)

Based on the above relations, plastic strain amplitude and elastic strain amplitude
are obtained for each specimen and its characteristic stabilization cycle, Ns, shown
in Table 32.5. The presented methodology can be applied to each LCF cycle.
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32.4 Conclusion

Determination of plastic and elastic strain components for the stabilization cycle,
Ns, serve to characterize steel and determine the characteristic curves of low-cycle
fatigue. Also, this calculation better describes the behavior of a specific steel element
exposed to the action of low-cycle fatigue in its exploitation.

By determining the plastic and elastic strain component for other cycles of low-
cycle fatigue, from Nbs to Nes (Nf), serve calculate the cyclic accumulation of plastic
strain component for a certain amplitude level of strain and thus determine the fatigue
life of the steel part depending on its purpose and loading.
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stabilization of low-cycle fatigue HSLE steel from test data. In: Ambriz, R., Jaramillo, D.,
Plascencia, G., Nait Abdelaziz, M. (eds.) Proceedings of the 17th International Conference on
New Trends in Fatigue and Fracture, NT2F 2017, pp. 101–113. Springer, Cham (2018)



32 Determination of LCF Plastic and Elastic Strain … 349
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Chapter 33
Energy and Utility Management
Maturity Model for Sustainable Industry

Milena Rajic , Milan Banic , Rado Maksimovic , Marko Mancic ,
and Pedja Milosavljevic

Abstract Energy management has becoming a priority for organizations to reduce
energy costs, to maximize their profits with minimal resources used, to comply legal
requirements and to strive to sustainable business. Energy management standards,
such as ISO 50001, represent the good practice, but have certain limitations. There-
fore, the energy management maturity models could be used in different engineering
sectors as a tool for continuous improvement. Energymaturitymodels have been used
as an instrument to assess the current state of an organization, to rank the improve-
ment measures and to manage and identify the progress. This paper proposes the
energy management maturity model that is ISO 50001 processes based and Plan-
Do-Check-Act cycle organized. The model was verified in production organizations
in Serbia, which shows that all maturity levels exist in practice. The conducted study
was performed in 24 organizations in two years: 2019 and 2021, where overall orga-
nizations’ maturity levels had better ranks. The average maturity level in research
sample was 3.44 (proposedmodel with 5maturity levels). The Act process phase had
average maturity level 3 and Check phase 4.31. In two years there is evident overall
improvement of the maturity level scores for most of the analyzed organizations.

Keywords Energy management · ISO 50001 ·Maturity model

33.1 Introduction

Industrial organizations represent significant energy consumers, especially electricity
consumers. Energy costs become a major factor for managing the organization and
business itself. Taking into account the necessity of clean manufacturing and proper
energy management, sustainable industry becomes a priority. An increasing number
of studies priorities the need to develop models for monitoring and proper managing
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of energy flows, especially in manufacturing organizations [1–4]. To use energy
rationally, but preserving the environment, represents an increasing challenge for
organization. Studies based on energy and material flows in manufacturing sector,
how these flows are flexible and applicable in different processes and/or in different
production sectors would provide enough information to design a process with as
much resource savings as possible andwith a less negative impact on the environment.
Industrial organizations, primarily production organizations, represent the largest
energy consumers [5].

Manufacturing organizations are themost analyzed for the development of energy
management models [6–11]. Energy prices and costs of energy flows are among the
basic factors that determine production processes. Over 80% of energy needs in
industry are compensated by using fossil fuels [12]. The use of energy in the indus-
trial sector varies from 30 to 70% of the total energy in different countries [3] based
on the energy efficiency analysis in industry. Energy management system offers
many benefits, such as optimizing energy consumption, reducing costs, improving
the corporate image of the organization, reducing the negative impact on the envi-
ronment [13]. Therefore, organizations have developed more suitable approaches
to energy management, aiming to reduce energy losses [14]. Energy management
has becoming a critical approach, particularly considering the energy costs as the
largest in relation to other costs in the manufacturing cycle. Analysis done in [15, 16]
stated that certified and applied energy management ensures that end-users receive
the necessary amount of energy, suppliedwithminimal costs, while preserving safety
and reliability during operations and in the same manner the environmental protec-
tion. Energy management requires having a systematic and continuous approach and
therefore should not be time-limited programs and/or projects. Energy Management
System (EnMS) begins with an energy policy, defines energy goals and ways to
achieve these goals, forms a system for monitoring energy performance and imple-
ments procedures for a continuous improvement of energy performance [17]. The
ISO 50001:2011 standard does not define specific performance criteria related to
energy consumption and efficiency. Instead, it proposes a management model that
contributes to the development and implementation of the energy policy in order to
achieve the objectives and action plans, taking into account legal requirements and
information resulting from the analysis and management energy consumption data.
The standard describes the ultimate goal, but not the way how to achieve it, and it
does not allow the organization to fully understand the position on the way to the ulti-
mate goal. Energy management system application through guidelines given within
ISO 50001:2011 standard may be used with reliability for designing, implementing,
maintaining and improving of an existing energy management system [18].

On the other side, maturity models were used in different engineering sectors and
fields as a tool for continuous improvement. Maturity models may be used as an
instrument to assess the current state of an organization, to rank the improvement
measures and to manage the progress [19, 20]. There are previously defined matu-
rity levels that represent an organizational plan for improvement, where the initial
maturity level defines a state of an organization which has poor capabilities in certain
domain and the highest maturity level defines a state of total maturity [21, 22]. In
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such case, the maturity is defined as a metric to evaluate organizations’ properties
and capabilities and their improving progress.

Maturity models have been used so far in different studies and industries. Litera-
ture data showed the application of maturity models in widespread sectors as: infor-
mation technology [21, 22], healthcare [23], finance [24], production [25, 26], etc.
Therefore, specific energy maturity models were developed for different purposes.
ISO 50001 based energy maturity model was proposed by [20, 27, 28]. Different
approach to deliver the qualitative metrics in the form of an energy management
maturity model was proposed by [29].

In this paper the proposed Energy Management Maturity Model is presented,
together with the evaluated study of presented model done by production orga-
nizations in 2019 and 2021. The general approach of presented model enables
organization to have full insight into energy management practices, to follow the
path for continuous improvement and to fulfill the needed requirements for energy
management excellence.

33.2 Energy Management Maturity Models

As it was stated, Energy Management System (EnMS) may provide an approach for
organization’s energy efficiency and sustainability improvement, but there are not
sufficient data how to achieve it. Due to [20], an energy management maturity model
developed for organization would provide: structuring and improving the under-
standing of EnMSpractices, understanding the roadmap for continuous improvement
and successful energy management requirements implementation, benchmarking
the current organization’s state with other organizations and guiding through action
measures. According to [30], energy management maturity models enable achieving
the pre-defined maturity level of the analyzed organization, through of defining the
current state, benchmarking and continuous improvement.

There are proposal of energy management maturity models through industrial
guidelines, such as Carbon Trust Energy Management Matrix [31] with 5 maturity
levels. Also as industrial guide, organized as 4 domain of the plan-do-check-act cycle
is given in [32], as well as the proper survey conducted by [33].

In literature as scientific baseline was given 5-leveled model, which defines
progress between maturity levels achieved by organizations [34]. For multi-site
industrial organizations detailed energymaturitymodelwas presentedby [29]. PDCA
cycle basedmaturitymodelwith clearly defined activities and requirementswas given
in [14, 20, 28].

This paper proposed energymanagementmaturitymodel for production organiza-
tion which includes utility audits of production plants, facilities and units. The model
was inspired by [29] but includes certain modification for production companies in
Serbia.
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33.3 Proposed Model

The proposed model is ISO 50001 based following the PDCA cycle and it was
summarized in Table 33.1. The model levels was inspired by [28, 34] and described
as:

Maturity level 1—Minimal:The identifiedprocesses are notEnMScomply;EnMS
procedures and policies are not implemented; Energy profile and energy performance
indicators are not established.

Maturity level 2—Planning: EnMS requirements are established and known;
Energy demanding processes and equipment are monitored as well as significant
energy users; Procedures for monitoring and analyses are established and followed;
Some corrective actions within EnMS are applied.

Maturity level 3—Implementation: Requirements and practices within EnMS
are standardized; Process indicators and parameters are monitored, documented
and controlled; Employees are constant involved in communication, documentation
within EnMs.

Maturity level 4—Monitoring: Energy demanding processes and equipment are
monitored, measured and performed results are analyzed; Organization conducts
internal audits within EnMS; Causes of energy efficiency measures failures are
identify.

Table 33.1 ISO 50001 PDCA cycle model based

Plan Do Check Act

EnMS identification Involving employees in
EnMS

Energy indicators
monitoring and controlling

EnMS review

Commitment of
management for EnMS

Communication
regarding EnMS

Evaluating of applicable
energy legal requirements

Energy policy
establishment

Documentation and
records regarding
EnMS

Energy audit within EnMS

Energy planning Process management
within EnMS

Action plan for continuous
improvement

Legal requirement for
EnMS

Energy efficient
monitoring of plants,
facilities, processes

Energy management
review

Energy profile
establishment

Energy performance
indicator defining

Energy objective and
target value defining
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Maturity level 5—Improvement: Management reviewing constantly the estab-
lished procedures and action plans for continuous improvement within EnMS;
Processes are optimized, energy efficient and organization operates in accordance
with the sustainable principles; Action plans are constantly reviewed.

In the survey, the analyzed organizations would get one to five points. The ques-
tions are related to maturity level not only organization itself but also the maturity
level of processes, equipment, plant, building, facilities.

33.4 Validation in industry: Case Study

Implementing the proposed model was the next step in this study, which covers
two analyzed years 2019 and 2021. The surveyed organizations were interviewed
according to the questionnaire given and proposed in [35, 36]. The survey was filled
by each individual organization and for each production plant. The given results were
collected and documented for future analysis. The surveyed data for each production
plant, facility and utility was analyzed in according to have average implementa-
tion, maximal and minimal values, in accordance to PDCA model and the proposed
maturity levels. The final results are compared within the research sample and with
literature data. The proposedmodel was tested in 24 organizations selected according
the requirements defined in [35]. All organizations were ISO 9001 certified.

The results included average values, standard deviation, minimum and maximum
values and the average maturity level is 3.44. The processes where attention should
be made are “Energy management system review” (average level 2.69), “Energy
management system identification”, “Involving employees in Energy management
system” and “Energy audit within Energy management system” (less than 3.00).
It should be emphasized that “Energy efficient monitoring of plants, facilities and
processes” was very close to the maturity level 5 (average level 4.75). The limitation
of the study is certainly small research sample. The futureworkwould includeSME in
Serbia and wide research sample within production organizations. Figure 33.1 shows
average, minimum and maximum values, for each stage of the presented model in
analyzed organizations.

In Fig. 33.2a, the average maturity level of analyzed organizations within PDCA
cycle based model was presented for two analyzed years (2019 and 2021), while
Fig. 33.2b summarized the average results of analyzed organization for 2019 and
2021. Figure 33.2a, b show an overall improvement of the maturity level scores,
both presented in PDCA cycle model and for each organization. It is significant that
improvement is more present for ‘Plan’ and ‘Check’ phase.
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Fig. 33.1 Average, minimal and maximal maturity levels of analyzed organizations

Fig. 33.2 a Averaged maturity levels in PDCA cycle of analyzed organizations for two analyzed
years. bMaturity levels of 24 analyzed organizations for two analyzed years

33.5 Conclusions

In this paper the energy and utility management maturity model is proposed. The
model is ISO 50001 process based model, PDCA cycle organized, and adopted
and adjusted for production plant, facility and processes reviews. The model was
validated using the questionnaire within the production organizations in Serbia (24
analyzed organizations) in two analyzed years: 2019 and 2021. The results indicate
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that all maturity levels exist in practice. Minimum and maximum maturity level
scores shows that all maturity levels that are identified are achievable. The obtained
results can also be used for benchmarking in different countries, sectors, industries.
The presented model is considered to be universal and could be applicable both, in
production and service organizations. The contribution of presented model is ISO
50001 process model organized with PDCA cycle. The proposed model could be
used by industry or regulatory bodies to monitor energy management maturity level
and their progress, for energy regulations revisions and basis for EnMS requirements
certification.

Future work would include wide range of organizations in different sectors in
Serbia, where SME would be involved. In that manner, the larger research sample
would be analyzed, so the more accurate results would be achieved. In this paper the
organizations submitted surveys where they should have to estimate their maturity
level. But in the future, the independent auditors should be involved for model vali-
dation. Similar work could be done in neighboring countries so the proper results
benchmarking could be performed.

Acknowledgements This research was financially supported by the Ministry of Education,
Science and Technological Development of the Republic of Serbia (Contract No. 451-03-9/2021-
14/200109).

References

1. Thiede, S., Posselt, G., Herrmann, C.: SME appropriate concept for continuously improving
the energy and resource efficiency in manufacturing companies. CIRP J. Manuf. Sci. Technol.
6(3), 204–211 (2013)

2. Ghadimi, P., Li, W., Kara, S., Herrmann, C.: Integrated material and energy flow analysis
towards energy efficient manufacturing. Proc. CIRP 15, 117–122 (2014)

3. Madlool, N.A., Saidur, R., Rahim, N.A., Kamalisarvestani, M.: An overview of energy savings
measures for cement industries. Renew. Sust. Energy Rev. 19, 18–29 (2013)
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Chapter 34
Fundamental Ideas About Intelligent
Manufacturing Systems

Vanessa Prajova, Peter Košťál , Sergiu-Dan Stan, and Štefan Václav

Abstract The current product quality and productivity-increasing trend are affected
by time analysis of the entire manufacturing process. The primary requirement of
manufacturing is to produce as many products as soon as possible. The production
realizes at the lowest cost, but of course with the highest quality. Such requirements
may be satisfied if all elements entering and affecting the production cycle are fully
functional. The “Intelligent manufacturing system” it is a system that can respond to
changes of internal and external processes status.

Keywords Intelligent manufacturing systems ·Manufacturing process · Control
system

34.1 Introduction

When we talk about flexible manufacturing systems, it is adequate to speak about
the possible use of new generation manufacturing systems. The new generation of
manufacturing systems is also called “intelligent” manufacturing systems (IMS) [1].

These systems are equipped with artificial intelligence and intelligent control. We
are currently seeking new solutions for the implementation of artificial intelligence
in machine production [2].

The main requirements in installing intelligent production systems are short-
ening production times, higher productivity, economic expediency, and worker hand
intervention elimination.
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The basics needed for the realization of intelligence in manufacturing systems are
monitoring, which can monitor the system’s internal status and watch the environ-
ment’s changing conditions. Monitoring systems are use sensors located at the whole
system. The highly exposed parts of the manufacturing system, such as a rack for
tools, machinery, or handling devices, usually place various sensors. Sensors were
identifying parameters used as input data of the control system. Following these data
is realized some, technological, manipulating or other supporting processes.

The similarity recognition of manufactured parts allows to assort them to the
groups by machines required for its manufacturing. By manufacturing a single group
of components, the production can achieve economic benefit near to mass production
[3].

34.2 The Requirements for an Intelligent Manufacturing
System

The manufacturing profile, material, and information flows must be taken into
account when automating the intelligent production process. These fundamental
elements of the manufacturing process are usually automated together in praxis. It
is necessary to control and direct the main manufacturing processes that have the
required functions. It could be to run more hard manufacturing processes together
and individually in the manufacturing process, and all these processes controlled by
a specific method. The name of this method is manufacturing process control [4].

Process control is characterized as the process organization that provides the
required final state’s achievement. But it is necessary to know its output for the
manufacturing process control in the relatively closed system that it could be to
influence the inputs back, eliminate the ineligible influences of the environment,
and reorganize the internal system structure to achieve the required final state. The
necessary element of the control system is feedback.

The utilization of this information for the manufacturing process control could be
if known, the notedmodel of system behavior. It is possible to create the control algo-
rithm and technical system for its realization by defined aim. The required final state
must be honest, achievable, the algorithm realizable, and the information provision
comfortable.
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34.2.1 The Manufacturing Process Control

It is needed to know the answers to three fundamental questions for the proper control
system realization. Those are the questions:

1. What has to be controlled?

In this case, it is necessary to define the controlled system’s mathematical models
by physical basis and identification. Simultaneously, it is required to analyze the
manufacturing process in termsof the operativemotion sequence.Also, it is necessary
to know the manufacturing object’s character before the definition of automated
control of the manufacturing process. At once also to analyze the manufacturing
process in term of several in sequence connected operative motions.

The analysis of the manufacturing process and dividing it into partial operations
are the critical steps. The essential element of the manufacturing process is the
operative motion. The operative motion may be defined as the individual part of the
operative action by the existing regulation.

2. What shall we use for control?

In this case, it is necessary to select appropriate automatic control and energy
devices in an automated production process. Automatic steering devices are a group
of tools, equipment, tools. This knowledge about automated devices will allow us
to realize practical control of the type of production process. The devices of the
automatic control are, in general, all technical devices. These could enable to achieve,
transfer, save, process andutilize the information and all supportingdevices, and these
could allow the activity of those named technical devices. Technological equipment
is divided into several groups by individual aspects that are defined them.

3. What way shall we choose for control?

The manufacturing process control is often the integral member of the manufac-
turing process automation. The control is understood as the technical advance. The
machines and devices with the limited system are influenced in their physical and
technical values in terms of required method by reasonable regularity. The theory
of control or the automatic control theory is engaged in the technical meaning of
control. The theory of automatic control is the theory that checks the principles of
control system functioning and designing.

The manufacturing process contains a more extensive number of elements, oper-
ations, and motions. It has existed many interacted connections. The control system
used in the manufacturing process has a hierarchical structure. The hierarchical
structure is one of the manufacturing process base features. It is necessary to give
one’s time to control individual motions and operations and interaction cooperation
and communication between them and with the environment by control realization.
The control system used more methods, systemic technologies, and programming
instruments [5].
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For a better understanding of the term “intelligent” manufacturing systems, it
is the most suitable to compare its behavior with the classical (“non-intelligent”)
automated, flexible manufacturing system.

The automatedmanufacturing system is amanufacturing device with huge range
of automation of its activities and with several subsystems integration (supervisory,
manipulating, technological, transportation, controlling):

• it is specialized (they have a set of technological workstations),
• the transport and manipulating is realized by industrial robots or manipulators,

and different type of conveyors [6, 7],
• the supervisory is included directly, and
• controlling it have own control systems of all devices [3].

Using intelligent production systems is conditioned by the efficiency of all subsys-
tems in a given manufacturing system. Subsystems are developed together with
automatic manufacturing systems to save the whole system parameters.

Automatic manufacturing systems designed for repetitive production demand a
significant rate of flexibility called flexible manufacturing systems.

The category of FMS included one or more technological workstations, at which
are all technological and material movement is automatic. The primary classifica-
tion of automated manufacturing systems considers the number of machines in the
manufacturing system and the flexibility of the production.

According to this classification, we distinguish three basic types of automated
manufacturing systems:

• Flexible manufacturing cell—up to a maximum of 3 of the machine tools; the
highest level of flexibility characterizes it,

• The lowest flexibility level characterizes a flexible manufacturing line; the range
of goods is not huge and is produced in larger batches, and

• A flexible manufacturing system contains a minimum of 3 machines (and more)
characterized by a lower flexibility level.

The intelligentmanufacturing systempresents a system that contained adaptation
to unexpected changes, i.e., assortment changes, market requirements, technology
changes, social needs, etc.

However, these systems’ intelligence is frequently understood as control of the
software product and not as an implementation of modern technologies of artificial
intelligence.

The intelligent manufacturing systems consist a several subsystems like the auto-
matic production systems (technological, supervisory, transportation, manipulating).
These subsystems are equipped with aids, which give them a specific level of intel-
ligence. It means that we can to consider it as a higher phase of flexible production
systems. The intelligent manufacturing systems consist of (see Fig. 34.1).
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Fig. 34.1 Intelligent manufacturing content

34.3 The Intelligence Enhancement for the Mechanical
Periphery

The monitoring of all of the actions inside the production process and its environ-
ment aimed at increasing this control system reliability and failure prevention of
the manufacturing system itself or avoidance of defective products. We have several
possibilities that can enhance the intelligence of the production system [8].

One of the application areas of monitoring systems is the area of robotized
assembly. Equipping assembly systems with sensors is the basic level of increasing
automation and machine intelligence. Sensoric systems provide scanning and moni-
toring of various functions of the assembly process, assembly technology, properties
of assembly objects, mounted parts, and environment properties. The realization
of monitoring functions provides suitable sensor sorts, at which point the supervi-
sory systems provide the control interventions. Sensors are the primary devices for
capturing information and its transformation. The present monitoring systems have
reserved structures realized according to application or purpose.

Tactile sensors are used if technical realization instruments, mostly assembly
robots, are in direct contact with the assembly’s object. Important are especially
sensors that enable control of the object presence, identification of grasp force, moni-
toring of the starting position of assembly tools, and other functions. With tactile
sensors are equipped tentacles, position table, transporting units, different units, and
devices. For recognizing the orientation, kind of objects, detection of edges is used
various visual types of sensors [9].
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34.4 Challenges and Trends

Today challenges and trends in the new generation manufacturing systems research
are very clearly defined in several publications.

The survey onmanufacturing systems allowed the identification of themain trends
for manufacturing systems. They can be summarized as follows:

• specialization—characterized by a comprehensive focus on core competencies,
• outsourcing,
• the transition from vertical to horizontal structures (e.g., concerning manage-

ment systems), change from highly centralized to decentralized structures (the
individual element, unit, or subunit enhanced with decision making/intelligence
capabilities),

• evolution—towards self-properties, self-adaptation. Manufacturing systems with
these characteristics have a high level of integration, are easily upgradable,
evolvable, and adaptable e.g., to new market conditions,

• the development of technologies and applications to support all the requirements
of current distributed manufacturing systems,

• competitiveness—themanufacturer should remain competitive. Itmeans adequate
types of equipment and machines (e.g., sensors) acceptable to new manufac-
turing paradigms; sustainability (e.g., to consider environmental concerns into
the design),

• technology, equipment and manufacturing systems’ selection—Evaluate various
systems configurations based on lifecycle economics, manufacturing quality,
system reliability,

• integration of operators with software and machines; this means non-functional
properties, e.g., fault tolerance,

• openness, self-adaptability; each unit/sub-unit/element of the manufacturing
system should independently take optimal wise decisions (e.g., concerning
resource utilization, incorporating scheduling algorithms, planning, and control
execution techniques), having a goal-driven and cooperative behave, and

• performance assessment.

Concerning future trends: it is rather challenging to forecast long-term trends for
manufacturing engineering systems [10].

34.5 Conclusion

IMSmeets the challenge of integrating intelligence and flexibility at the highest level
of the manufacturing control system. We can use the unique simulation tool “Digital
tween” for a production configuration. This tool avoids reliably simulated the entire
production line, the production process as a digital factory.
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Intelligentmanufacturing shifts thewholemanufacturing process froma resource-
intensive industry towards to knowledge-based and customer-driven approach.

IMS allows the implementation of a multi-variant system to have an adequate
number of production lines to manufacture sufficient goods. These production lines
using a decent number of machine tools and devices to meet the requirements of
increasing product variants and producing at ever smaller lot sizes. Due to the IMS
system’s knowledge and responsibility segregation, the various production units are
easily extendable and exchangeable and offer complete production functionality.
We can produce different product variants with the same manufacturing units on
the same production line. The new concept achieves high manufacturing equipment
reusability and is fast, flexible, reconfigurable, and modular.

But it is also important to say that problematic of intelligent manufacturing
systems is still in the stay research and development.

The concept of all production devices is controlled according to the character
of production. New generation production systems vary from flexible production
systems in construction, especially in properties. Undoubtedly, its implementation
to the production process brings huge possibilities in increasing productivity and
decreasing production costs.

With that, it also decreases additional and running times, mainly eliminating
worker hand intervention in the production process.
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Chapter 35
Material Flow in the Flexible
Manufacturing

Peter Košťál , Vanessa Prajova, Erika Hrušková, and Miriam Matúšová

Abstract Efficient production in flexible production systems depends on efficient
information and material flow in these systems. It is in a central position in logistics.
Before, all kinds of material movement could be and follow information. All these
steps are necessary to information flow attend and bring that information possible
to adopt decisions. The majority of problem resolution is in optimizing material and
information flow and their application into the highest level of automation andmech-
anization intomanipulation and transport processes. In thematerial flowprojecting, it
is necessary to know that the project aims not to transport and store material because
the price of these operations is high, and the material rate is not higher.

Keywords Flexible manufacturing · Robotized manufacturing · Paperless
manufacturing

35.1 Introduction

The strategy of consumer’s individualization characterizes today’smarket. This is the
individual consumer’s requests-oriented strategy. Consumerswant newproducts, and
the time to request the consumer’s satisfaction has a fundamental role. The production
was broadening, the innovation cycle is shortening, and the products have a new
shape, material, and functions. At this strategy is the most critical parameter the time
and improvement is its shortening. The production strategy focused on time needs
changes from traditional functional production structure to production by flexible
manufacturing cells and lines. The most critical manufacturing philosophy in the
last years appears the production of Flexible Manufacturing System (FMS) [1].

Achieving these classes requires an integrated approach to the design and produc-
tion of continuous communication at each development process stage.Although there
are many engineering tools, especially in CAD Computer Aided Design), there are
often separate packages without interactivity [2].
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This philosophy of flexible manufacturing is based on similarity of:

• manufactured parts,
• process plans [3].

Recognize the similarity of manufactured parts allows grouping them into groups
by machines required for its manufacturing. By manufacturing this group of parts,
we achieve an economic effect near to mass production.

By some study is existing manufacturing capability of machines used only 30–
40%. The other resources say that technological processes spend only 5% of the
time needed for manufacturing. The rest of the time is spending on manipulation,
transport, and storage [4].

The flexible manufacturing system consists of a NCmachine, a material handling
system based on industrial robots, and a control system for integration the NC
machine and the Material Handling System (MHS). Integration of these devices
generally involves using a controller, software, and an overall some kind of computer
network that coordinates the machine tools actions, and thematerial handling actions
[5]. This system design allows the manufacturing of a group of similar workpieces.
Its internal material and information flow characterize the system. The manufac-
turing process represents a complex dynamical process that included technological,
manipulation, and control operations.

The production process is planned and simulated at the CAD laboratory, and after
a successful simulation, we are sending the production data to the production system
by internet connection.

35.2 Material Flow Planning

In general, it is essential for the production process’s full functioning to ensure a
continuous flow of material, raw materials, semi-finished products, etc. The term
flow of material means the organized movement of material from the production
process’s entrance through all periods of storage, transport, and production processes
to produce final products. Material flow analysis is one of the main points of the final
analysis of material handling. Another task of a complete material flow analysis in
the production process is to specify the material flow. It means determining the type,
quantity, weight, shapes, and dimensions of the handled materials. These data affect
handling and determining the requirements for handling, transport, and storage of
the handled material and product.

The material handling system is the most crucial part of today’s manufacturing
systems and increasingly plays an essential role in the plant’s productivity. Selecting
a suitable MHS is a complex and tedious task for manufacturing companies because
of the considerable capital investment required. Furthermore, tominimize production
costs and increase profits, the appropriateMHShas to be selected. Handling activities
generally account for 30–40% of production costs [6].
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Principles of rational manipulation with material:

• To create straight, as short as possible transport ways,
• To design manufacturing process and solution of disposition about optimal

material flow,
• If it is possible to use gravitation for material moving,
• To make optimal quantity, sizes, and weights of transported units,
• To design all manipulation, transport, and storage operations as effectively as

possible,
• To resolve manipulation completely, it means from the view of the final factory

and in relation without plant material flows,
• To use the possibility of type manipulation device,
• To speculate about the optimal use of transport and manipulation devices

(minimum 60%), and
• To respect ergonomic and safety requirements.

The description of material and information flow in the production of this flexible
manufacturing cell must be defined to choose the type range of the workpiece [6].

The principle of solving complex problems of material flow and elimination of
losses and waste during the production process is focused mainly on four primary
areas:

• Minimizing the size of stocks and supply and freeing up financial resources, and
reducing logistics costs for storage, handling, etc.,

• Continuous improvement of all the logical chain activities: suppliers—product—
customer (reduction of production costs, shortening of production time, improve-
ment of the working environment, etc.),

• Focus on essential places for quality, competitiveness, perspective, productivity,
costs, etc.,

• Optimization of the system ofmaterial and information flows—eliminating losses
that can cause irregularities or overload of production, the complexity of material
flows, outages caused by the organization [7].

The solution of optimizing the production process requires detailed information
about the whole process. The given technological process plan of production (it does
not change); is necessary to adjust the material and data flow.

Waste is usually present in every workplace, but it can identify by simple tools and
resolved using the 5S method, which is suitable for production and service-oriented
organizations. The application of the 5S process makes it possible to improve and
simplify the flow of material, the arrangement of machines and stocks. Other benefits
are:

• Improving quality, productivity, and work safety,
• Better corporate culture, more positive mental approach of employees to fulfill

their duties, and
• It improved work environment.
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The 5S method is in development, and today, the sixth S, known as safety, is also
defined. The material flow design aims to solve:

• Minimization of transport, handling, and storage,
• Simplification of the system to a minimum—minimum consumption of costs and

time - > solution of essential links,
• Workplaces and capacities—incorrectly designed capacity causes unevenly

distributed material flow, accumulation of stocks, the need for intermediate
warehouses and buffer warehouses and other handling activities,

• Information flow and control system—correct control of inputs of production
tasks, synchronization of purchasing, production, and dispatch, coordination of
production control system with the transport system,

• All components of the production systemmust be designed concerning each other,
and it is ideal if all of themare verified using a simulationmodel before installation.

The solution of a given material flow requires the specification of a given material
flow’s innovation goal.

The material flow is one of the most expensive production operations because it
employs the most workers and takes the most significant time. For high efficiency of
production, it is necessary to consider the increased usage of transport methods based
on transported material and the exploitation of single production system devices at
the project proposal.

The transport and handling subsystem is generally one of the most critical subsys-
tems of the FMS. It is responsible for the transport and manipulation with primary
and supply material, manufacturing tools (tools and tool holders, fixture, equip-
ment, scales, carriers, and others), and waste. Used inter-operational transport and
handling features are dependent on geometrical shape and weight of transported
material, parts, and tools. Automation of handling in a manufacturing system can
be realized by technological pallets (holders or another element with this function,
e.g., fixtures). The part is clamped outside a machine workspace onto a specialized
pallet and transported together. The piece is positioned and clamped into position
for machining. Technological pallet serves at the same time as a transport pallet [8].

The other objects for transport and handling are production devices representing
the needed technological equipment of the workstation. They are required to realize
specific operations using a correspondent machine. These objects are transported
to workstations in sets or parts when they create non-detachable pieces of standard
workstation equipment.

In material flow planning, it is necessary to consider that the plan’s aim is not the
transport and storage of material because these activities are expensive and do not
improve the material value. The selection of a suitable storage system is dealt with
e.g. [9].

Current systems for handling, transportation, and storage provide many possibil-
ities for applying costly and complex systems. The optimal design should contain
minimumstorage, transport, andhandling.Hence, the suitablewaybefore elaborating
a detailed system solution is to reduce mentioned activities to a minimum.
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Fig. 35.1 Material flow
equation

It is necessary to take into account the great importance of the dependence of
material flow and the following elements of the manufacturing system:

• Workstation and its capacity—wrong capacity design induce unbalanced material
flow, resources accumulating, and the need for additional buffer stocks, containers,
and additional handling operations, and

• Material flow and the system controls, clean regulation of manufacturing tasks
entering into system, purchase, manufacturing and expedition synchronization,
coordination of manufacturing system and the transport system. All of them have
a significant effect on the material flow plan.

The general sequence of material flow planning is the following:

• the volume of transport operations determination—material flow analysis,
• the variant layout design,
• analyze of existing devices—what device we have—what device we need,
• transport systems variants, and
• computer simulations of material transport and handling devices.

In this time, we solve the equations of material flow (Fig. 35.1).

35.3 The Material Flow in Flexible Manufacturing System

We want to produce (simulate production) various components of the shaft, flange,
bracket, and box shape in this system. Each part madewill represent piece production
thatmeans only one piece of this part will bemade. Variability (dimensions and shape
versions for each component) will be relatively broad. To that fact must be adapted
planning and management of the production process in FMS.

The whole process must run automatically without human intervention from the
design up to the final component storage. According to the program, the storage
system’smaterial will be automatically taken out, transported to individualmachines,
and put in the operating area by a handling device (industrial robot). Themachinewill
execute separate technological operations to reach the component’s final properties
(shape and dimension). In case of simple part can be processed only by one machine.
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Fig. 35.2 Material flow graph of flexible manufacturing system: 1—conveyor, 2—storage, 3—
pallet handling andquality station, 4—robot vision and assembly station, 5—robot feeder ofmachine
tools, 6—CNC lathe, 7—CNC milling machine

The more complicated parts will have to be processed in one machine (e.g., turned
to another position) or relocated to another machine to realize other necessary tech-
nological operations (sometimes, this relocation between individual devices needs
to repeat several times).

After completing all necessary technological operations, the componentmadewill
relocate to the checking station for quality control. If quality control is successful, the
finished and checked piece be automatically transferred to the FMS storage system. If
the quality control is not successful, the component is also transferred to the storage
system, where faulty products are stored.

The function graph of the whole flexible manufacturing system is shown in
Fig. 35.2. Material flow in flexible manufacturing systems is described in [10] and
in [11].

35.4 Conclusion

The project’s target is to build up a flexible manufacturing system with robotized
operation enabling drawing-free production. That means the by PC in a suitable 3D
CAD program product design realized. In a base of 3D model, will generate the NC
program for manufacturing. The flexible manufacturing system physically produces
that component on the base of this program. In this way, it would make it possible
to create all necessary parts for a specific product. In the final phase of production,
the product was assembled.

In the last years, cell manufacturing becomes one of the most critical manufac-
turing types. This conception is based on the relationship betweenmanufacturing cell
andworkpiece. Flexiblemanufacturing cells allow themanufacture of a small number
of parts from a huge range of types and achieve appropriate economic effects near
large batch or mass production. The manufacturing cell structure enables a connec-
tion between several machines and saves production time, space, and production
costs. The machine’s functions are coordinated, and the material flow can be fast.
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Chapter 36
Example of Good Maintenance Practice
for Maintaining the Health
of a Hydraulic System

Mitar Jocanović , Sla -dan Andrić, Milovan Lazarević , and Dejan Lukić

Abstract The maintenance of modern hydraulic systems is a very complex process.
In addition to multidisciplinary knowledge and training requirements, additional
procedures must be implemented and analysed to keep the hydraulic system func-
tional, efficient, and in a failure-free state. Real-time maintenance of the hydraulic
system (HS) includes managing a hydraulic system at peak operational efficiency.
The article presents an example from practice that depicts the impact of preventive
maintenance on the hydraulic system’s functionality and discusses the contribution
to improving real-timemonitoring and benefits for advancing predictivemaintenance
practice.

Keywords Maintenance practice · Oil contamination · Filter management ·
Contamination control · Preventive maintenance

36.1 Introduction

The maintenance of hydraulic systems (HS) is a complex task for technicians since it
requires multidisciplinary knowledge and training in fluid mechanics, tribology, reli-
ability, and statistics. Themost common failures of HS, around 70–85%, occur due to
fluid contamination [1–3], consequently reducing system and components’ reliability
[4]. Therefore, an appropriate maintenance strategy, program and technology should
be utilised to reduce both random and non-random failures by investigating under-
lying mechanisms that result in a stoppage. Numerous research papers are published
on the topic of failures in hydraulic systems. Most of the research dedicates to the
hydraulic system’s oil analysis aspect and contamination control as presupposed.
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Different effects of contamination on HS wear have been described in scientific
papers. For instance, Jocanović et al. [5] investigated the influence of inadequate
maintenance on HS excavator components’ wear rate. Karanović et al. [6] showed
the influence of contaminants on the rate of degradation and wear of HS distribution
valves. Nikolić et al. [7], in their work, derived equations for the temperature distri-
bution in the bearing oil film with bearings to predict the bearing’s thermal load.
Orosnjak et al. [8] investigate silicon particles’ presence as a trigger point for further
wear and increase of metal (e.g., Fe, Cu) particles in the hydraulic, agricultural
system tractor for improving prognostics and health management (PHM). Wakiru
et al. [9] proposed fuzzy cluster analysis in determining the condition of a system
through lubricant condition management (LCM). Singh et al. [10] explain preven-
tivemaintenance strategies in reducing failures by synthesising data from oil analysis
and conducting maintenance activities accordingly. The research efforts dedicated to
contamination control resonate compelling interest with constant efforts dedicated
to reducing stoppages due to contamination. In this paper, the authors give a brief
overview of maintenance practices for improving contamination control practice and
associated filter management techniques of a hydraulic system.

The paper is formed as follows. Section 36.2 gives a brief explanation of ongoing
maintenance methodologies and typologies of hydraulic system health preservation.
The following section highlights the importance of real-time condition-monitoring
of a hydraulic system and associated benefits for improving a hydraulic system’s
health. After depicting the importance of addressing the degradation or causality
between a system’s condition and a failure, the following section shows a practical
example of addressing contamination in the hydraulic system and the discussion.
The last section provides closing remarks and contributions to the literature.

36.2 Maintenance Methodology of Hydraulic Systems

For HS operation, several types of maintenance practice are used: Reactive main-
tenance (RM); Preventive maintenance (PM); Predictive maintenance (PdM) [11];
Proactive maintenance (PrM), maintenance within the concepts of flexible manufac-
turing system (FMS), or maintenance 4.0 (M4.0) as for the use of a remote moni-
toring techniques such as IoT and digital-based architectures, such as CPS (Cyber-
Physical System models) [12] or Digital Twin (DT) [13] concepts for estimating the
degradation process of impeding, overloading or exposing the system through the
harsh working conditions (e.g., simulation through Accelerated Life Testing), where
the Physics-of-Failure (PoF) can be estimated by the use of Deep Learning (DP)
techniques [14].

Preventive maintenance (PM) encompasses scheduled or machine-based actions
that detect, prevent, or mitigate component or HS failure to maintain or extend
useful life through degradation control to an acceptable level. In this way, the HS
is maintained in good condition and increases the reliability of the system. Predic-
tive Maintenance (PdM), or commonly referred to as Condition-Based Maintenance
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(CBM), uses sensor devices to gather information about HS and components. In this
way, a signal is given to the maintainers to perform certain maintenance actions at
the moment when it is needed. Predictive maintenance can best be described as a
process that requires human technology and skills, combined with all available diag-
nostic and performance data, maintenance history, operator logs and design data to
make timely decisions about main/critical maintenance requirements components or
systems.

In the future, more massive applications of CBM can be expected, especially in
systems that are more complex, expensive, and maintenance costs justify the use of
expensive sensors.With Industry 4.0, CBMwill be farmore justified. The taskwill be
for themachine to record operating parameters, control them and correct if necessary,
leading to a self-sustainable way of maintaining the HS. However, maintenance
still requires human resources’ physical activity to replace the damaged or part in
the failure. Proactive maintenance focuses on analysing the underlying cause, not
just the symptoms. It seeks to prevent or eliminate failure from the source after
identifying the root cause. Requires excessive knowledge of the maintainers, who,
in addition to troubleshooting and successful maintenance, participate in collecting
information sent to the design bureau to eliminate the system’s design and operational
deficiencies. Self-maintenance is an essentially new methodology in maintenance. It
implies the functional ability of the system to monitor and diagnose itself. If a failure
or malfunction in the system occurs, it should maintain its functionality for some
time. Self-sustainability means that the system (machine) independently deals with
monitoring and self-diagnosis.

36.3 HS and Their Maintenance in Real-Time

The consequences of reactive maintenance (RM) are reduced to large downtimes
in the production, operation or service of HS and high production costs. These
consequences are the result of an RM policy that involves reacting only after HS
failure.

36.3.1 Real-Time Preventive Maintenance (PM)

In preventive maintenance, regardless of the actual state of the HS or the process in
which the HS participates, the goal of the PM is to reduce the time of HS inactivity
in the overhaul time interval and eliminate the HS, machine or process in failure.
The PM program must focus on HS performance, not activity. Many organisations
have good PM procedures but do not require maintenance staff to follow them.

For quality PM implementation of any HS, it is necessary to collect more data on
the observed HS. These data refer to:
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1. Identification of the system’s state, i.e., (a) does the system work 24 h a day,
7 days a week? (b) does the system work with flow and pressure losses (consult
technical support or documentation for components such as pumps and actu-
ators)? (c) in what working environment is the HS (ambient temperature and
environmental pollution)?

2. What requirements does the equipmentmanufacturer specifies for the preventive
maintenance of HS?

3. Are the hydraulic fluid operating temperatures within the limit values (40–
60 °C)?

4. The requirement of equipment manufacturer in the quality level of working
fluid—oil in HS?

5. What requirements and operating parameters does the component manufacturer
specify regarding the working fluid’s purity—oil?

6. Identification of quality filter level in HS and, if necessary, correctionwith better
filter cartridges?

7. HS time cycle monitoring and recording of delays and possible failures. What
are the causes of such anomalies in the system?

8. Availability of technical documentation related to the HS’s installed equipment
to verify the observed HS’s above procedures?

9. Depending on the HS’s most sensitive component (pump, proportional or servo
valve), it is required to use a secondary filtration system to achieve the required
fluid purity.

These are just some of the steps used to implement PM in HS and depend on the
complexity of the system, process and environment in which HS is used. The PM
program involves creating a (written or software) procedure for each PM task in the
HS. For each task, maintenance steps or procedures must be established with well-
defined tasks for the maintenance staff. Note that the steps and procedures must be
understandable and accurate regardless of the staff’s training level (from beginners
to masters).

36.3.2 Real-Time Predictive Maintenance (PdM)

Maintenance, according to the PdM model, is present nowadays and has been active
since 2017. According to Mulders et al. [10], PdM is actively applied in the most
developed EU countries in some percentages of 20–22% of the industry. In compar-
ison, self-sustaining systems so-called PdM 4.0 are applied in 11% of companies.
However, these data refer to different industries and applications of different systems
compared to HS.

Predictive maintenance of HS means obtaining data from sensor devices in the
system that measures some of the basic parameters such as temperature, pressure,
vibration, rotation speed or torque, physical and chemical properties of the oil, the
number of solid particles in the oil, etc. Also, by applying equipment such as the
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Internet of Things (IoT) and the Industrial Internet of Things (IIOT), it is possible
to monitor the condition of components and HS in real-time. However, in HS, this
requires, in addition to standard equipment, additional equipment costs. On the other
hand, it provides wide possibilities for monitoring the equipment and its condition
in real-time. Predictive maintenance software allows users to store and analyse the
critical results of their HS. One of the key things is the use of software and data
obtained for improved HS’s input parameters and maintenance. Using PdM, moni-
toring some of theHS parameters can prevent component failures or severe accidents.
For example, a temperature sensor may indicate an increased temperature that could
cause the oil to burn, create asphalt deposits, and cause components to malfunction
or damage the pump. Vibration analysis can provide insight into possible failures.
Increased vibration may indicate signs of damage and future component and HS
failures.

Oil analysis includes analysis of lubricant properties to evaluate how the machine
is depreciated in operation. The depreciation rate is estimated by measuring the
number of suspended contaminants, wear residues in the lubricant, etc. While
50 years ago, this was the job of a tribologist, a machine wear experts, now the
IoT provides the ability to sample oil and analyse it on-site. Table 36.1 shows how
to maintain HS in the industry, using visual and instrumental inspection, Real-Time
Condition Monitoring and PdM 4.0.

36.3.3 Advantages of Predicting
the “Unpredictable”—Self-sustaining HS

The real potential offered by PdM 4.0 is already being proven where it started to be
applied. Real-time monitoring only leads to a certain level of reliability, the level at
which unpredictable and unexplained failures and delays occur. However, some of
these failures are solved by analysing a large amount of data. Self-sustaining PdM
4.0 maintenance mode involves harnessing artificial intelligence’s power to perform
inspection and detection and detect patterns and anomalies, the detection of which
is missed by even the most gifted people in the field maintenance.

The advantage of the self-sustaining PdM 4.0 maintenance method is that it main-
tains the maintenance problem from human to artificial intelligence. Artificial intel-
ligence should recognise all possible ways and situations in which HS can be found
based on HS’s current and historical state. Also, the processing of large amounts
of data from sensors and devices for analysis and detection of certain parameters,
possible failures and system downtime can be analysed, assumed and concluded.
In this way, when necessary to stop the system and perform the service without
downtime and impact, the overall operation and production process are precisely
defined. Also, by analysing the production data and the influential parameters for the
HS operation, artificial intelligence plans the period in which the service should be
performed.
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Table 36.1 Maintenance HS by applying real-time condition monitoring and PdM 4.0 [15]

Capability 1. Inspections 2. Instrument 3. RTCM 4. PdM4.0

Processes Periodic
inspection
(physical)
Checklist
Paper recording

Periodic
inspection
(physical)
Instruments
Digital
recording

Continuous
inspection (remote)
Sensors
Digital recording

Continuous
inspection (remote)
Sensors and other
data
Digital recording

Content Paper-based
condition data
Multiple
inspection points

Digital
condition data
Single
inspection
points

Digital condition
data
Multiple inspection
points

Digital condition
data
Multiple inspection
points
Digital environment
data
Digital maintenance
history

Performance
Measurement

Visual norm
verification
Paper-based trend
analyses
Prediction by
expert opinion

Automatic
norm
verification
Digital trend
analyses
Prediction by
expert
opinion

Automatic norm
verification
Digital trend
analyses
Monitoring by CM
software

Automatic norm
verification
Digital trend
analyses
Prediction by
statistical software
Advanced decision
support

IT MS Excel/MS
Access

Embedded
instrument
software

Condition
monitoring
software
Condition database

Condition
monitoring software
Big data platform
Wifi network
Statistical software

Organisation Experienced
craftsmen

Trained
inspectors

Reliability
engineers

Reliability engineers
Data scientists

36.4 A Practical Example of Preventive Maintenance

Preventive maintenance applied to a complexmobile machine shows the possibilities
and importance of preventivemaintenancewith thesemachines andHS. The example
of a new excavator that worked on the construction site for only 900 working hours
showed problems related to the realisation of working pressures during operation,
increased hydraulic fluid’s working temperature, and variable working speeds during
operation. The authors placed diagnostic devices on the excavator’s hydraulic instal-
lation (Hydrotechnik Multi Handy 3010 type monitoring equipment was used for
measure pressure, temperature and flow and HIAC™ ROC Remote Online Counter
for measurement solids particle). Based on the recorded data, the values of oper-
ating parameters related to pressure, temperature and the number of solids in the
oil mass were obtained. It is noted that the interval of recording parameters lasted
301 working hours of the excavator in operation after replacing the filter and new
oil filling by an authorised service. The excavator is driven by a piston-axial pump
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with LS regulation, proportional and servo valves, and this group represents the most
sensitive components in HS. Filters for oil filtration in these excavators should have
a degree of filtration fineness between 4 and 6 μm (c) and a beta factor βx = 200
according to the ISO 4406/99 standard. In the existing condition on the excavator,
the built-in filters were of adequate beta factor. The filtration degree was too rough
and amounted to 30 μm, which was not adequate to the built-in components in HS.
Another problem was the occurrence of excessive pressure in the oil return line to
the filter. Due to large pressure dilatations of �p = 3.5 bar (according to the spec-
ifications of the excavator manufacturer �pmax = 1.5 bar), it led to deformation
and tearing of the filter cartridge—see Fig. 36.1. This phenomenon has affected the
filter’s non-functionality and the quality of the return oil filtration.

Table 36.2 shows the solids measurements in HS excavators after 301 operating
hours, after oil and filter change. From the attached Table 36.2, there is a noticeable

Fig. 36.1 Damage to the steel filter cartridge mesh

Table 36.2 Results of measuring solid particles in the excavator fluid mass after an oil change

Description
of the
sample

Number of
operating hours (h)

Number of measured solid
particles by size in the 1 ml
sample

Purity class

Excavator New oil 4 μm (c) 6 μm (c) 14 μm (c) NAS 1638 ISO 4408/99

After
filtering the
new oil (2)

900 0 1.576 158 2 7 18/16/10

During the
operation
(3)

943 43 26.129 1.799 22 10 21/18/13

During the
operation
(4)

1201 301 43.112 11.898 338 13 23/21/17



386 M. Jocanović et al.

Fig. 36.2 Oil contamination level after 43 and 301 operating hours

increase in impurities from the NAS 7 class to the NAS 13 class from the enclosed.
The consequence of this enormous input of particleswas a faulty hammer on the exca-
vator’s arm,whose sealing systemwas poor and enabled contaminants’ input through
the hammer’s working surfaces. The excavator’s environment also contributed to
particles’ input because the excavator worked in the cement plant’s environment
on demolition work, with a large amount of surrounding dust. Figure 36.2 shows
the ratio of particles at the beginning, after 43 and after 301 working hours of the
excavator.

36.5 Conclusion

In conclusion, for maintaining a hydraulic system, it is necessary to apply specific
diagnostic measures during the operation of a modern mobile hydraulic system
with appropriate systems for keeping the pureness of the fluid at the required
level. Applying different types of maintenance typologies strongly depends on avail-
ability and data acquisition techniques applied. The conditions for monitoring and
defining the critical parameters of HS’s in the operation of mobile machines are
much more complex compared to stationary industrial machines. In the future,
applying IoT concepts could be beneficial and, in fact, unavoidable in the process
of providing autonomous maintenance techniques and DP approaches. The self-
monitoring system still requires the participation of good experts in the field of HS’s
maintenance in order to make appropriate decisions in the maintenance process.
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4. Orošnjak,M., Jocanović,M.,Karanović,V.:Quality analysis of hydraulic systems in function of
reliability theory. In: Proceedings of the 27th DAAAM International Symposium on Intelligent
Manufacturing and Automation, pp. 569–577. DAAAM International, Vienna (2016)
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cation oil towards maintenance grouping for multiple equipment using fuzzy cluster analysis.
IOP Conf. Ser. Mater. Sci. Eng. 393, 012011-1–012011-9 (2018)

10. Singh, M., Lathkar, G.S., Basu, S.K.: Failure prevention of hydraulic system based on oil
contamination. J. Inst. Eng. Ser. C. 93, 269–274 (2012)

11. Shanbhag, V.V., Meyer, T.J.J., Caspers, L.W., Schlanbusch, R.: Failure monitoring and
predictive maintenance of hydraulic cylinder: State-of-the-art review. IEEE/ASME Trans.
Mechatronics. https://doi.org/10.1109/TMECH.2021.3053173

12. Zhang, C., Jiang, P., Cheng, K., Xu, X.W., Ma, Y.: Configuration design of the add-on cyber-
physical system with cnc machine tools and its application perspectives. Proc. CIRP 56, 360–
365 (2016)

13. Luo, W., Hu, T., Zhu, W., Tao, F.: Digital twin modeling method for CNC machine tool. In:
Proceedings of the IEEE 15th International Conference on Networking, Sensing and Control,
ICNSC 2018, pp. 1–4. IEEE Press (2018)

14. Nurmi, J.: On Increasing the Automation Level of Heavy-Duty Hydraulic Manipulators with
ConditionMonitoring of theHydraulic SystemandEnergy-OptimisedRedundancyResolution.
Tampere University of Technology, Tampere (2017)

15. Mulders, M., Haarman, M.: Predictive Maintenance 4.0—Beyond the Hype Report: PdM 4.0
Delivers Results. PWC (2018)

https://doi.org/10.1109/TMECH.2021.3053173


Chapter 37
Development of Portable IoT Diagnostic
Device for Particle Contamination
Monitoring

Goran Rodić, Velibor Karanović , and Dragana Oros

Abstract Every modern maintenance concept involves technical diagnostics. Tech-
nical diagnostics allow maintenance managers to be well informed about a specific
problem or phenomenon, before making decisions. In this sense, for the mainte-
nance of modern hydraulic systems, the counting of solid contaminants in hydraulic
oil according to ISO 4406 standard is of great importance. The solid particles as
contaminants in various ways adversely affect the efficient operation of the hydraulic
system and therefore their concentration must be monitored. Different techniques
are used for this purpose, and the most common being laser particle counting. This
paper presents a developed portable IoT diagnostic device for particle contamination
monitoring. The device can be used in online or offline mode and can transfer data
in real-time via the internet, so it can immediately be analyzed. This significantly
speeds up the process of decision-making by maintenance managers and eliminates
human factor errors during measuring or transferring data.

Keywords Maintenance · Condition monitoring · Technical diagnostics ·
Automatic particle counter · Hydraulic power system · Development · Internet of
Things (IoT)

37.1 Introduction

Modern maintenance concepts such as Condition-Based Maintenance (CBM),
Predictive Maintenance (PdM), Reliability-Based Maintenance (RBM), or others,
cannot be implemented without the use of technical diagnostics. Technical diag-
nostics uses methods and techniques such as vibrodiagnostic analysis, oil analysis,
thermography, and others, to help maintenance managers to monitor degradational
processes and make timely and knowledge-based decisions [1, 2].

The automatic particle counter (APC) is a diagnostic tool whose application is of
great importance for modern, high precision, and high accuracy hydraulic systems.
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To achieve the maximum efficiency of such systems, the fluid condition is one of the
basic requirements [3]. Fluid cleanliness is considered to be one of themain causes of
hydraulic system failure [4]. The APC as a diagnostic device gives information about
oil cleanliness and installed filtration system efficiency [5]. The usualway to apply oil
contaminationmonitoring is to conduct laboratory analysis. This approach introduces
some uncertainties into the final results, i.e. if sampling equipment is not suitable,
or untrained personnel extracting a sample, or inexperienced laboratory technician
preparing the sample and conducting the laboratory test.Also, the response time is not
instantaneous, which delays management decisions. To avoid all these uncertainties,
some solutions, include the installation of an APC unit on a hydraulic system, to have
real-timemonitoring. For many companies, this option is expensive if a large number
of hydraulic systems have to be monitored. Another solution is to have a portable
diagnostic unit. By regularly checking the cleanliness of the fluid in the machines,
the user can plan and take certain maintenance actions on time, in case the particle
contamination above the tolerated limits occurs. To improve monitoring, make better
predictions, and act faster, Internet of Things (IoT) technology must be integrated.
IoT can connect to sensors, machines, or smartphones, and exchange information
over the internet [6]. There are a large number of studies, in different areas, that have
proved that the application of these technologies significantly improves efficiency,
accuracy, real-time remote monitoring, remote control [7–9].

Further, to perform online and offline testing, the concept of a portable APC unit
has been developed. This device can be used as a maintenance tool within Industry
4.0. By transmitting the measurement results to the remote location in real-time,
received data can be instantly analyzed.

37.2 Portable Monitoring Device—Conceptual Design

The portable diagnostic device consists of three integral parts: an electronic system,
hydraulic system, and software. The system design is shown in Fig. 37.1.

37.2.1 Electronic System Components

The ideawas to realize a portablemonitoring devicewith software control on the PCB
board. This board communicates with all the peripherals shown in Fig. 37.1. Besides
the PCB board, other electronic hardware components of this portable monitoring
device are themicrocontroller, communicationdrivermodule, LCD,DCmotor driver,
voltage converter, and Li-ion battery.

Themain task of themicrocontroller is to communicate with the sensor via RS232
protocol, process the received data, and display them on the LCD. It also controls the
el. motor speed, and creates a web server and displays the same data on the web page
as on the LCD. The communication driver module converts RS232 communication
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Fig. 37.1 A Portable monitoring device electronic hardware components

protocol to UART using a microcontroller, so the microcontroller can communicate
with the APC sensor. The DC el. motor driver increases the PWM signal, of a certain
amplitude, on the el. motor and to adjust the voltage level. The voltage converter
lowers the mains voltage to 24VDC so the sensor can operate. Li-ion battery is used
as a backup power supply to the system.

Figure 37.2 shows the conceptual design of a PCBboardwith power supply groups
for each of the components of the proposed system.

All necessary paths with appropriate connections have been constructed on the
board, and all voltage dividers, as well as decreasing voltage converters, have been
implemented.

Fig. 37.2 PCB board concept
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37.2.2 Hydraulic System Components

The hydraulic system installation enables testing of the fluid sample online and offline
(Fig. 37.3).

Online testing involves the direct flow of pressurized fluid from the hydraulic
system via the online (fast coupling) connector to the APC unit, while the use of
the peristaltic pump is needed for offline fluid testing. The use of a peristaltic pump
excludes the internal generation of wearing particles and additional contamination
of the fluid sample during the test. For the needs of this project, a prototype of a
peristaltic pump was developed and produced. The peristaltic pump capacity meets
the flow requirements for the APC unit which is Q = 50–500 ml/min [10]. The
APC unit (HIAC ROC 71) is a key component of the hydraulic system and enables
hydraulic fluid cleanliness inspection by measuring the size and quantity of solid
particles.

The APC unit uses the light extinction principle of particle detection (Fig. 37.4),
according to ISO 11500:2008 [11]. The technology is simple and robust, which
makes this detection technique suitable for use in the field. The APC has a sample
cell through which the fluid sample passes. The sample cell includes a sapphire
window, which allows a laser beam to pass through it and the fluid onto the photo-
diode (detector). The fluid flow through the sensor is predetermined, controlled, and
calibrated. When the fluid is very clean, almost all the power of the laser reaches the
photodiode, because nothing blocks the laser, and the output signal from the photode-
tector remains stable. However, when particles are present, they occasionally block
some of the light from reaching the photodetector. The amount of blocked light is
directly proportional to the particle size. The larger the particle, the more light is
blocked, and consequently the greater the amplitude of the pulse coming out of the
photodetector [12].

Fig. 37.3 Hydraulic system concept: 1—el. motor, 2—peristaltic pump, 3—ball valve, 4—throttle
valve, 5 – manometer gauge
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Fig. 37.4 APC operating
principle [12]

37.2.3 Software Concept

For the system to operate in theway shown in Fig. 37.2, it is necessary to define all the
data. Since the basis of the project is a particle sensor with which the microcontroller
communicates in both directions, that communication can be a problem. First of
all, the CPU should send request data, after which the sensor should respond to
that request (full-duplex communication). During the period between sending this
request data, the microcontroller is sending the response of the sensor to the LCD
screen and to the website which is created on the webserver. In the meantime, the
microcontroller also needs to generate a PWM for the motor on a defined connection
pin. Figure 37.5 presents the concept of hardware modules of the diagnostic device.

In order to generate the appropriate signal to the sensor, it is necessary to know
it’s the communication protocol. In addition to the RS232 communication protocol
defined by 8-bit, no parity, and one stop bit, the sensor uses the MODBUS protocol
which can be seen in the technical documentation of the sensor. Since the sensor is
intended for communication with ROC software [6], of which only the demo version
was available to us, the communication protocol must first be identified.

This software will be the starting point in the firmware development for the IoT
communication module. To do that, it is necessary to perform testing and recording
due to the complexity and ignorance of the device being operated.

It is necessary to keep inmind that there is no appropriate technical documentation
that would help solve this problem, i.e. the logic circuit, registers, and all other
electrical components should be chosen.

In order to display the data on a web server, the user is obliged to provide access
to the Internet. This can be done in two ways: by the mobile access point as access or
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Fig. 37.5 Concept of hardware modules with emphasis on communication between them

by the usage of a wireless modem (Internet access point). In either way, the device’s
name and password must be entered. For testing purposes, the default device name
was “Test”, and the password “123,456”.

After setting up the network on the mobile phone or modem, it is necessary to
turn on the communication modem, after which the MCU (Microcontroller Unit)
performs all the necessary initializations and connects to the Internet. While this
is being done, the status of the microcontroller is displayed on the LCD. As soon
as the microcontroller connects to the device and the Internet, a message appears
on the screen showing the IP address of the device. This address should be copied
to any internet browser. After loading the address, the microcontroller receives the
information about the established connection via the Internet and automatically starts
displaying the codes read from the sensor Fig. 37.6b. Also, the current time and date
of the data readings are displayed on the screen Fig. 37.6a.

The user is not obliged to connect to the website, the connection time expires in
10 s and it is possible to continue recording data and displaying it only on the LCD.

37.3 Implementation and Testing of the Developed Device

The testing of the hardware system was performed in the following way. Since there
is no appropriate technical documentation for the operation of the sensor, in terms of
the operation of the hardware electronics contained in it, the decision to perform a test
was made. Namely, it is known that the sensor works adequately with ROC software,
using a USB TO SERIAL modem that connects to a computer. This knowledge
was used to record communication between the two devices. The recording was
performed using a logic analyzer. For the logic analyzer to be used, it was necessary
to lower the logic levels of RS232 communication, from 24 V, below 5 V, which can
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Fig. 37.6 Display of measured hydraulic oil cleanliness classes on LCD and computer screen via
internet page

be read, without any faults. Lowering the logic level dealt with the application of
additional PCBs.

After successful implementation, a test of recording communication between the
sensor and the computer was performed, and the obtained result is shown in the
Fig. 37.7.

After recording the communication protocol, the next step was the attempt to
generate an identical signal using a microcontroller. However, the problem was in
the amount of processor time that required precisely defined intervals, which is
why it limited the operation of the microcontroller. Therefore, it was accessed using
ready-made open source libraries for the MODBUS protocol.

After successful decoding of the signal Fig. 37.8, a map database of all signals
was created, which took place during the recording. After creating themap, repetitive

Fig. 37.7 The result obtained by recording the communication 60 s: channel 1. is TXsignal, channel
2. is RX signal
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Fig. 37.8 The appearance of the decoded packet using the logic analyzer software for the Modbus
protocol

sequences were applied and the program code for the microcontroller was created
based on it.

37.4 Conclusion

By introducing regular control of the cleanliness of the hydraulic fluid, machine users
will be more successful in carrying out maintenance actions, which directly affect
greater efficiency and productivity, reduces the number of failures and maintenance
costs. The proposed diagnostic device solution provides the following:

• Online and offline measuring,
• Real-time data transfer and representation via the internet,
• Portability and suitability for fleet monitoring, and
• Elimination of errors due to the human factor.

Future directions of action include the integration of other sensors into the
assembly of this device, such as sensors for measuring humidity, viscosity, and
others. This will provide more precise data about the current state of the system
so managers can deeply understand system behavior. Also, software should include
the development of a user-friendly interface and provide quality data representation.
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3. Orošnjak, M., Jocanović, M., Karanović, V.: Applying contamination control for improved
prognostics and health management of hydraulic systems. In: Ball, A., Gelman, L., Rao, B.
(eds.) Advances in Asset Management and Condition Monitoring: Smart Innovation, Systems
and Technologies, vol. 166, pp. 583–596. Springer, Cham (2020)

4. Tic, V., Lovrec, D., Edler, J.: Operation and accuracy of particle counters for online condition
monitoring of hydraulic oils. Ann. Fac. Eng. Hunedoara 10(3), 425–428 (2012)

5. Patel, K.K., Patel, S.M.: Internet of things-IOT: definition, characteristics, architecture,
enabling technologies, application & future challenges. Int. J. Eng. Sci. Comput. 6(5),
6122–6131 (2016)
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Chapter 38
New Method for Evaluation of Corrosive
Resistivity of Impregnants

Miroslav Ďuračka, Tomáš Dérer, Zuzana Filová, Katarína Kocúrová,
Alena Kozáková, and Michal Šištík

Abstract Nowadays for evaluation of resistivity against corrosion of electric
rotating machines windings and transformers there are several methods used. These
methods are assigned for samples of complete motors and stators. Problems of evalu-
ating process (material and financial difficultness) are eliminated using a newmethod
for evaluating of corrosive resistivity of impregnants. In this method there are used
small testing objects with layer of impregnant, which is cured at conditions required
for used impregnant. Impregnated object is exposed in a particular corrosive envi-
ronment and interval of sample observing is set up. During this interval the level
of corrosion of impregnated tested sample is observed until it reaches the specified
degree of corrosion. An advantage of this method is taking photographic records
of samples and evaluation of level of corrosion using graphic software. This soft-
ware improves visual evaluation of rusted part, because it analyses its photographic
record and is usable for optical examination of wide scale of materials. For evalua-
tion there was used the contrast of white and black colour, black coloured areas are
without corrosion and white coloured are rusted areas. Using the evaluating concept
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of corrosive resistivity of impregnants according to this method is very practical
during designation of anticorrosive system. In this process there is at first the selec-
tion of adequate components and their combinations are tested. It presents a huge
amount of photographic records, which can be processed into graphic dependences
after using the graphic software and there after analysed and evaluated.

Keywords Graphic program · Quality control · Resistivity against corrosion ·
Humidity · Optical examination

38.1 Introduction

Nowadays, the requirements for the properties of impregnating resins used in the
construction of electrical machines [1] are being expanded in technical practice.
The demand for increased corrosion resistance of the impregnated electrical rotating
machines (ERM) components and transformers is increasingly emerging from their
manufacturers. The simulation of a corrosive environment is relatively simple and
can be performed according to standards (e.g. humidity tests according to EN60,455-
2 [2], EN 60,034-1: 2005 [3]) or under conditions determined individually, e.g. by
immersion in water or NaCl solution. Exposure of impregnated machine parts or
complete machines in a corrosive environment, in particular salt mist and NaCl
solution shall demonstrate the resistance of the impregnants tested in a relatively
short time. After exposure, electrical parameters are evaluated alongside with visual
assessment of the corrosion extent. The results of comparing the impregnated stators
with the different impregnants before and after exposure in the chamber are shown
in Fig. 38.1.

Fig. 38.1 Practical application of anticorrosive additives on the stator on the left, after exposure
according to EN 60,455-2 [2]
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The difficulty of the evaluation process lies in the material demands and the price
of the used parts and whole machines. Optional number of pieces cannot be used
and an affordable range of tests should be considered.

We have designed a relatively simple method without demanding technical equip-
ment for evaluating results in our laboratory. The purpose of this method is not a
qualitative assessment of corrosion but quantitative. Optical method, this suggested
is the optimal variant for us. According to our knowledge, similarmethods are used to
evaluate, for example, biological and mineralogical samples, but in the electrotech-
nical industry and the paint industry is not used. It was not yet published yet, therefore
no professional references.

38.2 Monitoring of the Stage of Corrosion by a Graphic
Program

Aforementioned evaluation method would be problematic when researching, devel-
oping and designing an anticorrosive system. The anticorrosive system is generally
multi-component. When evaluating the efficacy of individual additives and their
combinations with different component ratios, the number of test bodies on which
the extent of corrosion is assessed is considerably increasing.

Visual evaluation (included in standardized tests [4–7]), an initial evaluation
proves to be a practical and simplemethod that can also be done bydirectly comparing
the photographic record, however the clarity of the results becomes worse due to a
large number of records.

In this case, it is preferable to quantify the areas affected by corrosion what allows
a suitably selected graphic program by which it is possible to express the extent of
corrosion, for example, in percentage. For the evaluation of corrosion resistance of
selected types of impregnants, NaCl solution was chosen as a corrosive medium,
which is easy and safe to work under laboratory conditions. The test specimen is
a 100 × 40 × 1.5 mm carbon steel uncoated sheet, degreased with acetone. After
impregnation with the appropriate impregnant, it is placed in a 4% NaCl solution at
laboratory temperature and photographic records are made at 24-h intervals. These
are then visually compared and the extent of corrosion damage is not quantified (see
Fig. 38.2).

The second option is an evaluation, using a graphic program that serves for image
analysis and is useful for optical examination of a wide range of materials. Black-
white contrast has been used in the evaluation. The results are shown in Fig. 38.3
and Table 38.1.

Figure 38.3 clearly shows the difference in the size of the corroded area in a
sample without additives and the one using anti-corrosive additives. Applied graphic
program [8] is able to analyse a black and white image and express how much of
the total area of the sheet is corroded in percentage. On the basis of this analysis it
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Sample no. 21

Acrylic impregnant without additives

Sample no. 23

Acrylic impregnant with one-component 
anticorrosive system

Exposure time in NaCl solution 0 days 6 days

Fig. 38.2 Direct comparison of test samples before and after exposure in NaCl solution

Sample no. 21

Acrylic impregnant without additives

Sample no. 23

Acrylic impregnant with one-component 
anticorrosive system

Exposure time in NaCl solution 0 days 6 days

Fig. 38.3 Display of evaluated samples before and after exposure in salt solution for graphical
evaluation

Table 38.1 Graphic evaluation of samples before and after exposure in salt solution

Sample Total area (mm2) Average size of
partial area (mm2)

Colour homogenous
area (%)

Correlation

0 days versus 21 974,186 12,989.147 99,248 (no
corrosion)

0.918

6 days versus 21 627,046 784,788 77,525 (corroded) 0.926

0 days versus 23 870,203 72,516.917 99,367 (no
corrosion)

0.916

6 days versus 23 226,301 37,523 28,010 (corroded) 0.919
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is possible to monitor the progress of corrosion over time, to display the values in a
chart and thus clearly evaluate the effect of anti-corrosive additives.

Two groups of anticorrosive additives were tested, organic labelled “H” and inor-
ganic labelled “R”. Each of two types of impregnants, labelled NAH and NAB.
Samples were monitored for 25–28 days, whereas the degree of corrosion that the
samples will reach over this time period was compared. The results are shown in
Figs. 38.4, 38.5, 38.6, 38.7, 38.8 and 38.9.

Figures 38.4 and 38.5 show that the presence of organic “H” inhibitors in NAH
impregnant has cut on the corrosion process by 4 days. The presence of silica “A”
in the mixture set no. 17–20, which was added to adjust the flow properties, has not
affected the corrosion progress of these samples.

Figure 38.6 displays the corrosion behaviour of samples with the impregnating
agent NAH, but with the addition of inorganic inhibitors “R”. Obviously, the additive
samples exhibit a slower corrosion process and at the time when the non-additive
sample reached the degree of complete corrosion, these samples were corroded to
80 or 90%.

The following figures show the behaviour of the samples with NAB impreg-
nant. Figure 38.7 shows the effect of the organic inhibitors “H” in mixtures 10–2.

Fig. 38.4 NAH, corrosion
development in mixtures
with organic inhibitors
without silica “A”

Fig. 38.5 NAH, corrosion
development in mixtures
with organic inhibitors with
silica “A”
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Fig. 38.6 NAH, corrosion
development in mixtures
with inorganic inhibitors
(hydrophobic silica)

Fig. 38.7 NAB, corrosion
development in mixtures
with organic inhibitors

We observe that the samples with additives H630 and H550 have reached 80–90%
corrosion, at the time of completion of the test, while the sample with the H650
inhibitor reached 100% corrosion 11 days earlier, even 7 days earlier than the sample
without additives. Thus, this additive cannot be considered suitable for use in theNAB
impregnant.

After adding silica “A” to the previous samples (9–13), at the time of completion
of the test, the extent of the corroded area has ranged from 85 to 95% by the samples
with additives (see Fig. 38.8). According to this figure, it can be assumed that the
H630 inhibitor in combination with the silica “A” appears to be at least partially
helpful against corrosion.

Figure 38.9 shows the action of inorganic corrosion inhibitors in the NAB impreg-
nant. At the time of completion of the test, the samples were corroded to 80–100%,
while the least corrosion rate has been proved by the sample inhibited by using R972.



38 New Method for Evaluation of Corrosive Resistivity of Impregnants 405

Fig. 38.8 NAB, corrosion
development in mixtures
with organic inhibitors with
silica “A”

Fig. 38.9 NAB, corrosion
development in mixtures
with inorganic inhibitors
(hydrophobic silica)

38.3 Conclusion

The results presented illustrate the evaluation of the effectiveness of corrosion
inhibitors in two types of impregnants, where each inhibitor has been assessed sepa-
rately in the same corrosive environment. This procedure may be used to assess
the impact of any corrosive environment. Quantifying the size of the corroded area
enables selecting the most effective substances and design multi-component anti-
corrosion systems effectively. Searching and developing of a new method of corro-
sion assessment has resulted from the practical need to have a relatively simple tool
for evaluating the effectiveness of anti-corrosion systems. Therefore, it is vital, espe-
cially for the first phase of research and formulae creation, when the largest amount
of samples are processed and selected.
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Chapter 39
Analysis of Pressure Force in Robot
Supported Sheet Metal Forming

Malik Čabaravdić, Dennis Möllensiep, Bernd Kuhlenkötter,
and Alfred Hypki

Abstract In the area of sheet metal forming, as a very flexible manufacturing
process, there is great potential for improvement, regarding to the economical and
fast production of components in small quantities, such as small series or prototypes.
For this reason, a new process was developed at the Chair of Production Systems
(LPS) at the Ruhr University Bochum for research in the field of robot supported
incremental sheet metal forming, so-called roboforming. Due to the heavy calcula-
tions and high speed of communication between the robots and external computer
by the online stiffness compensation, which is necessary for the improvement of
process accuracy, control units of the robots were sometimes not able to fulfill the
given task, causing, especially by the smaller radii of work pieces, unsmooth move-
ment of manipulator. This resulted in the further deviations of the final geometry.
Therefore, there is a need to improve the existing method of processing or to test
some other strategies by the robot supported incremental sheet forming. One of these
strategies is force controlled incremental sheet forming. In this approach, the pres-
sure force between tool and work piece is used as additional referral variable in the
control loop (besides the position of the robot end-effector), enabling the system to
reduce error in the final geometry of work piece. An analysis of the contact force in
the robot supported metal sheet forming, which is necessary for the implementation
of force control, is given in this paper.

Keywords Sheet metal forming · Robot force control · Pressure force

39.1 Introduction

The market behavior of the last few years shows a trend towards an increasing
customization of the products to be manufactured. The associated increase in the
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number of variants and the shorter product life cycles require higher speed and
flexibility in product development [1, 2]. While the transition from mass production
to the manufacture of product variants took place in the last century, the economic
production of individual products (lot size 1) is the task to be solved in the future [3].
As a result, continuous development of innovative production systems is required to
meet these requirements [1].

Particularly in the area of sheet metal forming, there is great potential for improve-
ment, regarding to the economical and fast production of components in small quan-
tities, such as small series or prototypes. Classic forming processes (i.e. stretching
and deep drawing) result in a low level of flexibility due to the use of massive
and work piece-specific tools for geometrically different work pieces and proto-
types, reflecting in the higher costs, increased effort and additional time required.
Therefore, the research of incremental sheet metal forming processes, which have
the potential for more flexible production, has been intensified in the last years.
Incremental sheet metal forming is characterized by spatially limited, repeatedly
occurring deformations for the step-by-step creation of a shape, what enables the use
of tools that are independent of product geometry. In addition, these locally limited
forming zones offer, in comparison to classic processes, the advantage that signifi-
cantly lower process forces are required. As a result of the very small contact surface
of the forming tool with the sheet metal to be processed, CNC machines or indus-
trial robots are often used for tool movement, which are characterized by flexibly
programmable movement paths [1, 4].

For this reason, a new process was developed at the Chair of Production Systems
(LPS) at the Ruhr University Bochum for research in the field of incremental sheet
metal forming, so-called ROBOFORMING.

ROBOFORMING is a new developed incremental sheet metal forming process
supported by robots. It is used for the production of sheet metal components in small
lot sizes and assumes the application of a robot cooperation system, consisting of two
industrial robots for the implementation of the kinematical shape-generation. One
robot drives the forming, the other the supporting tool. The forming of the final shape
occurs by the incremental infeed of the tool in depth direction synchronized with the
lateralmovement along the contourwhile the sheet is sustained by the supporting tool
at the opposite side. Compared to other incremental sheet metal forming processes
this system is characterized by high flexibility of the workpiece geometry excluding
the need for special tools, which are dependent on the final product shape. The main
focus of the ROBOFORMING approach lies in the development and the implemen-
tation of an automated system design for the production of individual sheet metal
parts following the approach “direct forming of the individual part on the basis of a
CAD file” [5].
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39.2 Stiffness Compensation

However, the potentials mentioned and other advantages, such as the production
of complex components with undercuts, are also accompanied by process-related
disadvantages. Due to their structure with rotational axes, industrial robots have a
low mechanical rigidity, which means that when the load is greater, in this case large
deformation forces, deflections occur in the joints. These lead to a displacement of
the tool tip, mounted at the end of the respective robot arm, from the target position,
causing significant inaccuracies in terms of shape and dimensional accuracy during
processing [1]. In order to minimize the processing error, several investigations and
developments have already been carried out at theChair of Production Systems (LPS)
at the Ruhr University Bochum, which result in various implementation variants
and concepts of a so-called stiffness compensation. The function of the stiffness
compensation is to calculate the process force-related displacements of the tool on the
basis of information about the deformation forces in order to derive the corresponding
correction values, so that the robot moves back to the original target points. In the
implementations of Zhu [6] and Kang [7], these calculations or work steps take
place before the start of the forming process, so-called offline method. Laurischkat
[8] designed additional concepts in which the above-mentioned calculations for the
correction values (partly) take place during the forming process (onlinemethod). Due
to the limited computing power, however, only a partially online version has been
implemented on the real robots. In thework ofGorlas, [9] a functional online stiffness
compensation, which did not require separate calculations, was implemented for the
first time. In detail, this means a determination of the deviations and calculation of
the correction values taking place on a computer located next to the system during
the forming process, as well as the subsequent implementation by the robot in real
time.

Although this method improved the accuracy of the products obtained by the
incremental sheet forming, the final result was still not on the required level for
some complex geometries. Besides, due to the heavy calculations and high speed
of communication between the robots and external computer by the online stiffness
compensation, control units of the robots were sometimes not able to fulfill the given
task, causing, especially by the smaller radii of work pieces, unsmooth movement
of manipulator. This resulted in the further deviations of the final geometry.

Therefore, there is a need to improve the existing method of processing or to
test some other strategies by the robot supported incremental sheet forming. One of
these strategies is force controlled incremental sheet forming. In this approach, the
pressure force between tool and work piece is used as additional referral variable in
the control loop (besides the position of the robot end-effector), enabling the system
to reduce error in the final geometry of work piece.
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39.3 Pressure Force Modelling

In the first step of implementation of force control in sheetmetal forming, the pressure
forces from previous experiments, done at the Chair of Production Systems, were
analyzed. The basis were the experiments for automatic parameter estimation of
local support at all path points of the tool in incremental sheet forming supported
by robots [10]. Main input parameters were: infeed depth, wall angle, support angle
and support force.

A dedicated base geometry with different curvatures was designed and it was
formed with various draft angles whereby work pieces with wall angles between
30° and 60° were created (see Fig. 39.1). The forming of the base geometry is not
possible at higher draft angles since the surfaces intersect. Smaller draft angles are not
applied since the process limits [11–13] would be exceeded. The geometry consists
of concave, convex and straight geometric areas. All concave segments have unique
arc length of 14 mm with the variation of the radius between 20 and 70 mm. All
convex segments have length of 20 mm and the radius varies from 20 to 195 mm.

On the basis of existing research, the limits for all input parameters were deter-
mined. Support angles between 0 and 100% as well as support forces between 100
and 500 N were considered. At lower forces the effect of support can be neglected.
At forces which are higher than these the tool actively participates in the process
and the support-effect is then lost. Furthermore, the infeed depth ranges from 0.1 to
0.6 mm. An lower infeed depth will cause very long paths of the tool and is very hard
to be executed by the industrial robots because of their positional accuracy (about
0.1 mm). Infeed depths higher than 0.6 mm will cause very high deviations in the
workpiece geometry and therefore cannot be considered here.

Main output parameter for the analysis in this work is the pressure force. Through
the RSI connection with the robot, the online data from the 6-axes force-torque
sensor, mounted on the robot wrist, during the processing were collected. After the
execution of every single experiment, the active pressure force was examined and its
mean value was calculated.

Overall, 33 different experiments were considered. The values of input parameters
for each experiment, as well as the mean values of the pressure force are given in the
Tables 39.1a, b.

Using the obtained data a regression model was established, which predicts mean
pressure force for a given set of input parameters and which can be applied in the

(a) (b) (c)

Fig. 39.1 Exemplary work piece geometries with wall angles of a 30, b 45 and c 60° [10]
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Table 39.1 Input parameter combinations for 33 experiments and mean values of pressure forces

Exp. No X1 Support
force (N)

X2 Support
angle (%)

X3 Infeed
depth (mm)

X4 Wall angle (°) Y Pressure
force (N)

1 223 0.23 0.38 55 833.72

2 376 0.69 0.19 45 758.37

3 157 0.73 0.11 60 656.18

4 449 0.99 0.55 55 895.91

5 305 0.15 0.52 50 863.59

6 138 0.57 0.34 40 736.89

7 440 0.8 0.59 45 876.73

8 418 0.91 0.23 40 778.30

9 430 0.48 0.2 40 732.66

10 100 0.43 0.15 45 673.94

11 370 0.18 0.14 55 808.03

12 324 0.11 0.54 35 755.35

13 334 0.96 0.49 35 806.06

14 480 0.01 0.24 35 624.16

15 459 0.03 0.28 50 786.58

16 114 0.26 0.27 30 707.32

17 164 0.78 0.47 35 730.30

18 391 0.93 0.43 50 884.79

19 306 0.88 0.56 60 856.73

20 259 0.54 0.11 60 665.20

21 234 0.09 0.42 35 773.24

22 281 0.5 0.18 40 729.92

23 496 0.76 0.22 45 835.15

24 203 0.21 0.58 50 900.37

25 360 0.35 0.51 60 861.11

26 402 0.6 0.39 30 741.25

27 349 0.12 0.36 55 768.17

28 186 0.69 0.45 55 817.71

29 171 0.44 0.46 30 655.82

30 240 0.65 0.29 30 687.59

31 124 0.38 0.41 50 800.13

32 284 0.32 0.31 30 614.56

33 469 0.63 0.34 45 876.38
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Fig. 39.2 Comparison
experimental data—model
data

force control of an industrial robot by incremental sheet forming. The best fit model
(R-squared= 0.806; Adjusted R-squared= 0.77) was obtained through logarithmic
linear regression. The equation which describes the influence of input parameters on
pressure force in this case is:

Y = 141.36 · X0.155
1 · X−0.564

2 · X0.112
3 · X0.249

4 · e0.098·ln X1·ln X2 . (39.1)

Comparison of the data obtained in the experiment and model data is given in
Fig. 39.2.

Obtained model of pressure forces can be considered as a starting point for imple-
mentation of the robot force control for sheet metal forming, giving the input values
for control schemas for different process parameters. In the next step of the research,
a hybrid force-position control of the robot will be applied to the incremental sheet
metal forming process.

39.4 Conclusion

In order to improve the quality of products obtained by robot-based incremental sheet
metal forming it is necessary to implement a new force control schema. To achieve
this goal previous experiments, done at the Chair of Production Systems at the Ruhr
University in Bochum, had to be analyzed in the first step. As the result of this
analysis, a new mathematical model, describing dependence of the mean pressure
force on the process parameters, was developed.

This model of pressure forces can be considered as a starting point for imple-
mentation of the robot force control for sheet metal forming, giving the input values
for control schemas for different process parameters. The next step of research in
this field should be introduction of a hybrid force-position control of the robot in the
incremental sheet metal forming process.
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Chapter 40
Optimization of Gears Production
Processes by Application of Material
Flow Simulation

Dragana Radakovic, Dejan Lukic , Sanja Bojic, and Mijodrag Milosevic

Abstract The modern production development is conditioned by the constant
expansion of market demands, in terms of product range and quality on one side,
and reduction of prices and delivery times, on other side. Such requirements impose
solutions of production systems that are based on the effects of large-scale and mass
production in terms of productivity and economy, and the effects of customized and
small-scale production in terms of flexibility and mobility. For the successful devel-
opment and operation of these production systems, it is necessary to perform optimal
design and management of material flow through the production system. These are
very complex activities that require application of up-to-date simulation solutions.
In this paper, the production process in an experimental production plant of gears is
optimized by application of the Tecnomatix Plant Simulation software.

Keywords Production process · Optimization · Group of gears ·Modeling ·
Simulation · Tecnomatix plant simulation

40.1 Introduction

Intensive technologies development, as well as increasing competition on themarket,
bring challenges to companies in terms of the shortest possible period of product
development, high quality, lower prices, customized production adapted to market
demands, etc. As the flow of information and the development of innovations nowa-
days is taking place at an incredible rapidity, companies’ existence in the market
requires timeliness, up-to-date, and a quick response to consumer demands to ensure
a safe place in the consumer society. In addition, the flexibility of production systems,
high quality, continuous improvement, computer-integrated activities, etc. [1].

To accomplish these requirements, it is necessary to optimize technological and
production processes,which can be achieved bymodeling and simulation. Simulation
is one of the recognized optimization methods and is an efficient tool for planning,
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organizing, and optimizing production, warehousing, and logistics processes. Using
a simulation model, it is possible to systematically observe and notice possible irreg-
ularities, bottlenecks, problems that occur in production systems, and the possibility
of their elimination, not only in the case of existing production systems but also in
the process of their planning and development [2].

The research goal in this paper is to investigate the possibility of applying the soft-
ware package Tecnomatix Plant Simulation for modeling and simulation of manu-
facturing processes. The practical goal of the paper refers to the rationalization and
optimization of manufacturing processes of developing the production program of
a group of gears, as a basis for designing a production plant with a high level of
productivity.

40.2 Modeling and Simulation of Production Processes

Modeling and simulation of production processes is a key factor in improving their
design and optimal production management. In a very short time, modeling and
simulation of these processes lead to very reliable results in creating rational layouts,
based onwhich the production process is easier and faster to organize [3]. Advantages
of using the simulation techniques can be [4]:

– the ability to respond to new “what if” circumstances,
– new policies, management and organizational procedures can be explored and

virtually implemented without interrupting and disrupting the current system,
– utilization degree of new machines, factory layout, transport systems, etc. is

possible to determine very easily without the need to purchase them,
– it is possible to determine under what conditions a certain phenomenon or

malfunction occurred,
– it is possible to virtually speed up or slow down the process (compress the time

interval), depending on what and which phenomenon is monitored during the
simulation,

– gain insight into the importance of individual variables on the performance of the
entire system,

– the so-called “Bottleneck Analysis” provides insight into where what and how
muchWIP (Work In Progress), materials, information, and other things are being
disposed of—creating stocks, and

– simulations make it possible to obtain a proper, realistic insight into the work of
the entire production system.

The world has developed a large number of simulation software such as Tarakos,
NX, Solidworks, FlexSim®, and others, by which it is possible to create a virtual
model of a plant and manage it (digital factory), while in this paper Tecnomatix
Plant Simulation (TPS) is used. TPS represents the computer application developed
by Siemens for modeling, simulation, analysis, visualization, and optimization of
production systems and processes, as well as material flow, and logistics operations.
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It also provides the ability to simulate discrete events and monitoring of statistical
analysis to optimize material handling, use of machinery and manpower required
[5, 6].

The application of software enables the creation of a digital model of logistics
systems (production, logistics) like a real model, simulation of different scenario
models: what happens, when, where, etc., evaluation of results through analytical,
static, and graphical tools, visualization and animation of the complete project and
alternative solutions, making easier, faster and more efficient decisions in the phases
of considering new projects, production, etc. [5].

In addition to modeling and simulating production systems and their processes,
Tecnomatix Plant Simulation provides the ability to optimizematerial costs, resource
usage, and logistics for all levels of planning (from individual machines, production
lines, through local factories with global production facilities) [7].

40.3 Modeling and Simulation of the Production
Process/Case Study—Group of Gears

40.3.1 Input Data—Production Program Structure

The structure of the production program of the observed production plant consists of
gears, which are shown with the corresponding data in the tables, where Q represents
(quantity), m (mass), and V (value) of the product. These data represent the basis for
the analysis of the production program and the selection of representative product.

40.3.2 Product Representative’s Selection and Quantity
Reduction

To rationalize the manufacturing processes planning, the methodology of reducing
the production program to a representative product was chosen, which is selected
based on the ABC analysis [8]. Within the ABC analysis, the calculation of quan-
titative, mass, and value involvement of products was performed, and based on the
given ratios, the areas of the largest (A), significant (B), and insignificant (C) incre-
ments of the given quantities were determined. Since the production program is not
structurally broad, area C is not defined in the observed case. Based on the last three
columns from Table 40.1, ABC analysis diagrams are drawn, Fig. 40.1.

By analyzing the ABC analysis diagram, product 2 was singled out, which has
the most significant quantitative and value share, and since it belongs to area A
for mass participation, a representative of the observed group of gears was chosen
as the product, Fig. 40.2. The reduction of the production program to the product
representative was performed by applying the mass reduction coefficient rmj and
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Table 40.1 Production program data

No. Product
number

Q
(pcs/y)

m
(kg/pcs)

m
(kg/y)

V
(e/pcs)

V (e/y) Q (%) m (%) V (%)

1 146.02.061.05 2000 0.85 1700 120 240,000 10.75 9.15 12.45

2 146.02.122.04 2500 1 2500 140 350,000 13.44 13.45 18.15

3 146.02.161.01 1700 0.75 1275 90 153,000 9.13 6.86 7.93

4 146.02.08.07 1500 2 3000 135 202,500 8.06 16.15 10.50

5 146.02.14.05 2100 1.05 2205 100 210,000 11.29 11.87 10.89

6 146.02.121.01 1400 0.9 1260 80 112,000 7.52 6.78 5.81

7 146.02.200.06 1800 0.7 1260 70 126,000 9.67 6.78 6.53

8 146.02.08.06 1900 1.5 2850 100 190,000 10.21 15.34 9.86

9 146.02.062.04 1500 0.95 1425 90 135,000 8.06 7.67 7.00

10 146.02.121.04 2200 0.5 1100 95 209,000 11.82 5.92 10.84

Total 18,600 18,575 1020 100 100 100

Fig. 40.1 ABC analysis of gear production program: a quantitative ABC analysis; b valuable ABC
analysis

Fig. 40.2 3D model of a
group of gears representative
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Table 40.2 Reduction of the production program

Product Qj (pcs/y) mj (kg/pcs) Sj rmj rsj Qred = Qj · ru (pcs/y)
146.02.061.05 2000 0.85 0.75 0.85 0.75 1275

164.02.122.04 2500 1 1 1 1 2500

164.02.161.01 1700 0.75 0.8 0.75 0.8 1020

146.02.08.07 1500 2 0.75 2 0.75 2250

146.02.14.05 2100 1.05 0.75 1.05 0.75 1654

146.02.121.01 1400 0.9 0.75 0.9 0.75 945

146.02.200.06 1800 0.7 0.65 0.7 0.65 819

146.02.08.06 1900 1.5 0.65 1.5 0.65 1853

146.02.062.04 1500 0.95 0.8 0.95 0.8 1140

146.02.121.04 2200 0.5 1 0.5 1 1100

Total quantity reduction Qred = 14,555

the coefficient that takes into account the geometric and technological similarity of
the product with the product representative rsj. The procedure for determining the
reduced quantity (Qred) is shown in Table 40.2. Based on the performed reduction
of the program, the reduced quantity Qred = 14,555 (pcs/year) was determined and
associated with the product representative.

40.3.3 Manufacturing Process Planning and Variant
Selection of Production Flow

The manufacturing process for the representative product, designed based on input
data (drawing, production volume, and available resources), is shown in Table 40.3.
These data represent the basis for determining the type of flow of the production
system, the calculation of the required production resources and are also important
for the development of the production plant.

Based on the product quantities Qred = 14.555 (pcs/year), processing time from
the manufacturing process, and the effective time capacity for the projected number
of working days and shifts, a flow variant was selected whose basic characteristics
are continuity of flow, manufacturing systems of production character and workplace
deployment in the order of operations from the manufacturing process. Based on the
manufacturing process, workplaces were defined, of which there were 16 (1001–
1016) in the observed case. For 2 shifts/day, calculations showed that the number of
workplace/machines N = 2 for operations 2, 4, 5, 13, 15 and 16 (workplace 1002,
1004, 1005, 1013, 1015 and 1016), while for other operations number of workplace
N = 1.
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Table 40.3 The content of the manufacturing process of the representative product

No. Operation name Machine/workplace tk (min/oper) Tpz (min/bat)

10 Cutting off Metal saw
machine/1001

5 20

20 Turning CNC lathe/1002 15 60

30 Groove milling Vertical milling
machine/1003

7 30

40 Gear milling Gear hobbing
machine-Pfauter/1004

20 80

50 Rounding teeth Tooth rounding
machine/1005

15 30

60 Internal splines cutting Broaching
machine/1006

13 60

70 Adjustment and protection Working table/1007 10 15

80 Cementation Cementation
furnace/1008

13 30

90 Case hardening Hardening
furnace/1009

13 30

100 Dismission Furnace heat
treatment/1010

13 30

110 Hardness control Hardness control/1011 10 10

120 Cementation depth control Measuring cementation
depth/1012

10 10

130 Circular grinding Circular grinding
machine/1013

15 30

140 Forehead grinding Flat grinding
machine/1014

13 20

150 Gear grinding Tooth grinding
machine/1015

20 40

160 Final control Coordinate measuring
machine/1016

15 20

40.3.4 Simulation Study and Obtained Results

To achieve a production of 14.555 gears/year, several variants of the simulation
model have been developed, in terms of work shifts, the number of batches, the
number of buffers aswell its appropriate capacities, andmaximumproductionvolume
with increased product demand. Variants of the simulation model that have been
developed:

– Model 1—without buffer, 2 shifts, 8 h/day, 250 days/year = 5 days per week, 10
series,

– Model 2—including buffer, 2 shifts, 8 h/day, 5 days per week, 10 series,
– Model 3—including buffer, 3 shifts, 5 days per week, 10 series,
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Fig. 40.3 Basic simulation model of gear production system (Model 1)

– Model 4—3 shifts in a system without buffer, 5 days per week, 10 series,
– Model 5—including buffer, 2 shifts per 8 h/day, 7 working days per week,
– Model 6—including buffer, 3 shifts, 7 working days per week, and
– Model 7 and 8—max. production volume during 2 and 3 shifts/day, 7 days/week.

The representation of the simulation model, with the necessary objects of the
manufacturing system, appropriate tables for setting the operating time of processes,
tools for checking and displaying the functioning of the system and machines
utilization, as well as setting work shifts during production, is shown in Fig. 40.3.

40.4 Analysis of Results and Conclusion

In the first simulation model, the number of gears throughout a day is 11887, and the
systemworkswithout buffers betweenmachines that have significantly differentmain
processing times (see Table 40.3 and Fig. 40.2). The next stepwas to insert an optimal
number of buffers that will balance production flow, placed between machines where
is main operating time shorter than operation time of the next machine. Since the
machines are blocked for a long time during the simulation, primarily caused by the
different preparatory end and main operating times of the machines, the first step
towards optimization was to determine the buffer number and capacity to reduce the
blockage in the system. However, after inserting buffers and starting with capacity
optimization, it was determined by experiments that the solution of a larger buffer
capacity to prevent blockage indicates that we need the capacity of some buffers even
over 2500 pieces, which nowadays is not a realistic and optimal solution due to the
accumulation of stocks in production. Another conclusion reached when varying the
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size of the buffer capacity is that a large capacity will not increase the number of
pieces produced during 250working days/year, twoworking shifts, inwhich gears are
produced during 10 series. The experimentmanager, throughwhich are experimented
with the Tecnomatix Plant Simulation, gave us an output for the solution in terms of
the capacity of the buffer—the optimal capacity of the buffer positioned within the
system, wherein the maximum capacity of 20 pieces. Also, in this model variant, the
requirements to produce 14,555 pieces during the year were not accomplished, as
well that the utilization of machines being very low. Therefore, the next steps were:

– Increasing the number of shifts and Varying the number of batches, and
– Optimization of the main working times (CNC lathe, Hobbing machine, Tooth

rounding machine, Broaching machine).

Since the results show very similar utilization of machines, both in the case of
working in 3 shifts; with and without buffers, and also the amount of waiting time
due to different machine processing and pre-processing times, which is mentioned as
one of the further steps in optimization. The next models, that are set to work in: two
and three shifts; 354 days a year, i.e. 7 days a week, except holidays, non-working
days, leaving 10 series in which gears are produced.

In this variant of the model, working in 2 or 3 shifts 7 days a week, the required
number of pieces will be produced in that time. The utilization of the machines is
approximately the same, so the optimal solution would be to work in 2 shifts 7 days
a week and the deadline for the production of gears of one year will be met. In the
following model, the goal was to check what the utilization and condition of the
system would be if they had an increased demand for gear production. These results
show how much the maximum number of gears can be produced in a year, working
in 2 and 3 shifts. The first thing to notice is that the utilization of machines is much
better whenworking in 3 shifts 7 days aweek (analogous to that whenworking 5 days
a week), and as for waiting—it is inevitable if the process times of thesemachines are
not in some way optimized so that we would have a larger number of manufactured
gears and the reliability of the production system to meet market demands, if there
is, for example, variation in quantities/increased demand for products.

Variation in the number of batches during production has shown that increasing
the number of batches reduces the productivity of the system during the year. This
happens because we have to change tools on the machines more often, adjust the
machines we need additional setup times of the machines, which at some machines
takes up to an hour and a half. Reducing the number of batches slightly increases
productivity. The results of simulation models in terms of the number of gears
produced depending on the model variants are shown in Table 40.4. Based on the
table, we can conclude that:

– In model 2, with the same number of operating hours and the same number of
shifts as in variant 1, the number of gears produced increased by 0.2% compared
to the previous variant, waiting parts in front of furnaces and system blockage
decrease, which was achieved by inserting a buffer (intermediate storage) into the
system,
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Table 40.4 Obtained quantity of gears through simulation model variants

No. Quantity of produced gears (pcs) Shifts no. No. days/w

Model 1 11,887 2 5

Model 2 11,910 2 5

Model 3 14,555 3 5

Model 4 14,555 3 5

Model 5 14,555 2 7

Model 6 14,555 3 7

Model 7 23,480 2 7

Model 8 35,250 3 7

– Inmodel 3, with 3 shifts during the day, the desired number of gears is successfully
produced, the utilization of machines is higher compared to the previous two
models, waiting and system blocking are reduced,

– Is the model 7, with the operation of the system in 2 shifts of 8 h/day, 7 days
a week it is possible to achieve productivity by ~38% higher than model with
limited amount of production, and

– In model 8, when the system operating in 3 shifts, 7 days a week it is possible to
achieve productivity by ~58% higher than required production.

So that, regarding of the utilization of machines; as model variants are developed,
so the utilization is better and the production of gears is increasing. However, as the
system is organized in that sense, it is necessary to adjust the amount of the buffer
capacities. In this regard, the last developed model whose development aimed to
show how much would be the maximum production volume, during the work of 3
shifts/day and 250 days/year, for the same buffer capacity as in previous variants,
proves that this number was higher than the required production and amounts to
17.966 pcs/year.
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Chapter 41
Influence of Active Vehicle Suspension
to Maintain Transverse Stability in Bends

Hristo Uzunov, Stanimir Karapetkov, Lubomir Dimitrov, Silvia Dechkova,
and Vasil Uzunov

Abstract Active control systems of today’s cars have been used over a vast domain
of applications, as they seem to represent a complex compromise between car
handling, stability and ride comfort. Finding a balance between these three compo-
nents is of paramount importance to stability, a well-known prerequisite, directly
proportional, for road safety. Active suspension means active control of certain
parameters of vehicle suspension and their changes over time in their equilibrium
state. The aim is to maintain vehicle stability going round bends. Setting a tolerance
for these parameters results in a compromise in ride quality of vehicle carbody. This
is usually accomplished by changing the elasticity of the springs in suspension and
increasing their elastic constant to hardening. Thus, a minimum tolerance in the rota-
tion of the carbody around the transverse and longitudinal axes can be guaranteed,
respectively a reduction of the centrifugal inertial forces as a function of the rotation
defined. To solve this problem a dynamic study of a car model is needed, taking
into account elasticity of spring suspension and wheel suspensions, dampers and
tyre damping as well as tire-road friction forces. An indicator of this is the variable
friction coefficient as a function of the velocity of the contact point.

Keywords Automobile · Active suspension · Dynamic model · Failure · Matlab

41.1 Introduction

Vehiclemotion planning, generally, is spatial, defined by six generalized coordinates.
For this purpose, coordinates of vehicle centers of mass xC , yC , zC are used in a fixed
coordinate system, as well as three Euler angles ϕ,ψ, θ. A fixed coordinate system

H. Uzunov · S. Karapetkov · S. Dechkova (B) · V. Uzunov
Faculty and College, Technical University of Sofia, Sliven, Bulgaria
e-mail: si_yana@abv.bg

L. Dimitrov
Technical University of Sofia, Kliment Ohridski Blvd, Sofia 1000, Bulgaria

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. Rackov et al. (eds.), Machine and Industrial Design in Mechanical Engineering,
Mechanisms and Machine Science 109,
https://doi.org/10.1007/978-3-030-88465-9_41

427

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88465-9_41&domain=pdf
mailto:si_yana@abv.bg
https://doi.org/10.1007/978-3-030-88465-9_41


428 H. Uzunov et al.

Oxyz and a mobile one Cx ′y′z′, constantly fixed to the vehicle, have been chosen.
Euler’s dependences are also used to transform the mobile coordinate system to the
fixed one [1–4].

41.2 Dynamic Model of Active Car Suspension

Macro simulation of vehicle motion in case of loss of lateral stability is observed
in an arbitrarily accepted absolute coordinate system OXY Z [5–10]. To study the
car motion, it has been assumed that its own coordinate system Cx ′y′z′ is movable
and permenantly connected to the vehicle center of mass C (Fig. 41.1a). In addition,
a permanently connected Cxyz coordinate system is attached to it, parallel to the
absolute and translationally movable one.

Coordinates of the vehicle center of mass C xc, yc, zc in the fixed coordinate
system are selected for generalized coordinates of the car motion.

Rotational motion of the car is expressed by the Euler transformations and corre-
sponding angles, namelyψ, θ and ϕ. The precession angle ofψ , taking into account
the rotation around the axis Cz; respectively, the angular velocity of ψ is obtained;
the angle θ of nutation, taking into account the rotation with respect to the axis Cρ,
the intersection of the planes Oxy and Cx ′y.

Therefore, the force of gravity �G will lie on the axis Oz. The spatial arrangement
model of the car is a plane located on four elastic supports, which are marked by
Ki (i = 1 ÷ 4) (Fig. 41.1b).

�Fi (i = 1 ÷ 4) is elastic force generated by the elasticity of tires and springs;
�Ni (i = 1 ÷ 4) is normal reaction at the contact point of automobile tires, corre-
sponding to elastic force; �Vi (i = 1 ÷ 4) is velocity of the contact point Pi in the
plane of the road Oxy; �Ti (i = 1 ÷ 4) is friction force at the contact points that lies in
the plane of the road Oxy; �Ri (i = 1 ÷ 4) is resistance force generated by damping

Fig. 41.1 a Spatial dynamic model of an automobile with elastic suspension and b model of the
forces acting on a car in its spatial motion, taking into account the elasticity of tires (suspension)
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elements in suspension; ci , N
m (i = 1 ÷ 4) elasticity of suspension, taking into account

both coefficient of elasticity of tires and suspension; bi , N s
m (i = 1 ÷ 4) coefficient

of linear resistance.
The car motion according to the studies of kinetic energy and generalized forces

is defined by six differential equations with six generalized coordinates. These equa-
tions are valid if the friction force is in accordance with Coulomb’s law and the
wheels slide on the ground without rolling. According to (41.5), the wheels keep a
continuous contact with the road.

Generalized forces and moments in the right-hand sides of the differential equa-
tion (41.1) are determined by assuming that the absolute coordinate system has a
vertical axis of Oz [11–14]:

m · ẍ =
[

4∑
i=1

Fxi

]

m · ÿ =
[

4∑
i=1

Fyi

]

m · z̈ =
[
−G +

4∑
i=1

Ni −
4∑

i=1

Ri

]
(41.1)

a11 · ϕ̈ + a12 · ψ̈ + a13 · θ̈

=

⎧⎪⎪⎨
⎪⎪⎩

4∑
i=1

Ni · δϕi +
4∑

i=1

(
Fxi · fϕxi + Fyi · fϕyi

) −
4∑

i=1

Ri · δϕi−

− b11 · ϕ̇2 − b12 · ψ̇2 − b13 · θ̇2 − c11 · ϕ̇ · ψ̇ − c12 · ϕ̇ · θ̇ − c13 · ψ̇ · θ̇

⎫⎪⎪⎬
⎪⎪⎭

(41.2)

a21 · ϕ̈ + a22 · ψ̈ + a23 · θ̈

=

⎧⎪⎪⎨
⎪⎪⎩

4∑
i=1

(
Fxi · fψxi + Fyi · fψyi

) − b21 · ϕ̇2 − b22 · ψ̇2 − b23 · θ̇2−

− c21 · ϕ̇ · ψ̇ − c22 · ϕ̇ · θ̇ − c23 · ψ̇ · θ̇

⎫⎪⎪⎬
⎪⎪⎭ (41.3)

a31 · ϕ̈ + a32 · ψ̈ + a33 · θ̈

=

⎧⎪⎪⎨
⎪⎪⎩

4∑
i=1

Ni · δθ i +
4∑

i=i

(
Fxi · fθxi + Fyi · fθyi

) −
4∑

i=1

Ri · δθ i−

− b31 · ϕ̇2 − b32 · ψ̇2 − b33 · θ̇2 − c31 · ϕ̇ · ψ̇ − c32 · ϕ̇ · θ̇ − c33 · ψ̇ · θ̇

⎫⎪⎪⎬
⎪⎪⎭

(41.4)

a11 = Jz′z′

a12 = −Jz′z′ · cos θ − Jz′x ′ · sin ϕ · sin θ − Jy′z′ · cosϕ · sin θ



430 H. Uzunov et al.

a13 = −Jz′x ′ · cosϕ + Jy′z′ · sin ϕ (41.5)

b11 = 0

b12 =
⎛
⎜⎝ − 1

2
· sin 2ϕ · sin2 θ · (

Jx ′x ′ + Jy′ y′
) + +Jx ′ y′ · cos 2ϕ · sin2 θ+

+ 1

2
· sin 2θ · (Jz′x ′ · cosϕ − Jy′z′ · sin ϕ

)
⎞
⎟⎠

b13 =
(
1

2
· (
Jx ′x ′ − Jy′ y′

) · sin 2ϕ − Jx ′ y′ · cos 2ϕ
)

(41.6)

c11 = 0;
c12 = 0

c13 =
⎛
⎝ cos 2ϕ sin θ

(
Jx ′x ′ + Jy′ y′

) − Jz′z′ · sin θ − 2

⎛
⎝ Jx ′ y′ · sin 2ϕ sin θ+

+ Jz′x ′ · sin ϕ cos θ+
+ Jy′z′ · cosϕ cos θ

⎞
⎠

⎞
⎠

(41.7)

a21 = (
Jz′z′ · cos θ − Jz′x ′ · sin ϕ · sin θ − Jy′z′ · cosϕ · sin θ

)

a22 =
⎛
⎜⎝

Jx ′x ′ · sin2 ϕ · sin2 θ + Jy′ y′ · cos2 ϕ · sin2 θ+
+ Jz′z′ · cos2 θ − Jx ′ y′ · sin 2ϕ · sin2 θ

− Jx ′z′ · sin ϕ · sin 2θ − Jy′z′ · cosϕ · sin 2θ

⎞
⎟⎠

a23 =

⎛
⎜⎜⎝
0, 5 · Jx ′x ′ · sin 2ϕ · sin θ − 1

2
· Jy′ y′ · sin 2ϕ · sin θ−

− Jx ′ y′ · cos 2ϕ · sin θ − Jz′x ′ · cosϕ · cos θ+
+ Jy′z′ · sin ϕ · cos θ

⎞
⎟⎟⎠ (41.8)

b21 = (−Jz′x ′ · cosϕ + Jy′z′ · sin ϕ
) · sin θ

b22 = 0

b23 =
⎛
⎜⎝

(
0, 5 · Jx ′x ′ · sin 2ϕ − 1

2
· Jy′ y′ · sin 2ϕ − Jx ′ y′ · cos 2ϕ

)
cos θ+

+ (
Jz′x ′ · cosϕ − Jy′z′ · sin ϕ

) · sin θ

⎞
⎟⎠ (41.9)

c21 =
( (

Jx ′x ′ · sin 2ϕ − Jy′ y′ · sin 2ϕ − 2 · Jx ′ y′ · cos 2ϕ)
sin2 θ−

− (
Jz′x ′ · cosϕ − Jy′z′ · sin ϕ

) · sin 2θ

)

c22 =
( (

Jx ′x ′ · cos 2ϕ − Jy′ y′ · cos 2ϕ + 2 · Jx ′ y′ · sin 2ϕ)
sin θ−

− Jz′z′ · sin θ

)

c23 =
( (

Jx ′x ′ · sin2 ϕ + Jy′ y′ · cos2 ϕ − Jx ′ y′ · sin 2ϕ − Jz′z′
)
sin 2θ−

− 2 · (
Jz′x ′ · sin ϕ + Jy′z′ · cosϕ

) · cos 2θ

)
(41.10)
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a31 = Jz′x ′ · cosϕ + Jy′z′ · sin ϕ

a32 =
[
0, 5 · (

Jx ′x ′ − Jy′ y′
) · sin 2ϕ · sin θ − Jx ′ y′ · cos 2ϕ · sin θ−

− Jz′x ′ · cosϕ · cos θ + Jy′z′ · sin ϕ · cos θ

]

a33 = Jx ′x ′ · cos2 ϕ + Jy′ y′ · sin2 ϕ + 1

2
· Jx ′ y′ · sin 2ϕ (41.11)

b31 = Jz′x ′ · sin ϕ + Jy′z′ · cosϕ

b32 =
[ − [

0, 5
(
Jx ′x ′ sin2 ϕ + Jy′ y′ cos2 ϕ + Jz′z′ − Jx ′ y′ sin 2ϕ

)]
sin 2θ+

+ (
Jz′x ′ · sin ϕ + Jy′z′ · cosϕ

) · cos 2θ

]

b33 = 0 (41.12)

c31 =
[ [(

Jx ′x ′ + Jy′ y′
) · cos 2ϕ + 2 · Jx ′ y′ · sin 2ϕ + Jz′z′

] · sin θ+
+ 2 · (

Jz′x ′ · sin ϕ + Jy′z′ · cosϕ
) · cos θ

]

c32 = [(−Jx ′x ′ + Jy′ y′
) · sin 2ϕ + 2 · Jx ′ y′ · cos 2ϕ]

c33 = 0 (41.13)

We substitute the equations before δϕi and δθ i using the notation:

δϕi = [
(cosϕ · sin θ) · x ′

ki + (− sin ϕ · sin θ) · y′
ki

]
(41.14)

δθ i = [
(sin ϕ cos θ) · x ′

ki + (cosϕ cos θ)y′
ki + (− sin θ) · z′

ki

]
(41.15)

To facilitate notation, substitution has been done, which looks like as follows:

fϕxi =

⎡
⎢⎢⎢⎢⎣

(
− cosψ · sin ϕ−
− sinψ · cosϕ · cos θ

)
δx ′

Pi+

+
(

− cosψ · cosϕ+
+ sinψ · sin ϕ · cos θ

)
δy′

Pi

⎤
⎥⎥⎥⎥⎦;

fψxi =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

(
− sinψ · cosϕ−
− cosψ · sin ϕ · cos θ

)
δx ′

ki+

+
(

sinψ · sin ϕ−
− cosψ · cosϕ · cos θ

)
δy′

ki+

+ (− cosψ · sin θ)δz′
ki

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

fθxi =
⎡
⎢⎣

(sin θ · sinψ · sin ϕ)δx ′
ki+

+ (sin θ · sinψ · cosϕ)δy′
ki+

+ (− cos θ · sinψ)δz′
ki

⎤
⎥⎦ (41.16)
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fϕyi =

⎡
⎢⎢⎢⎢⎣

(
− sinψ · sin ϕ+
+ cosψ · sin ϕ · cos θ

)
δx ′

ki+

+
(

− sinψ · cosϕ−
− cosψ · sin ϕ · cos θ

)
δy′

ki

⎤
⎥⎥⎥⎥⎦;

fψyi =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

(
cosψ · cosϕ−
− sinψ · sin ϕ · cos θ

)
δx ′

ki+

+
(

− cosψ · sin ϕ−
− sinψ · cosϕ · cos θ

)
δy′

ki+

+ (sinψ · sin θ)δz′
ki

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

fθy =
⎡
⎢⎣

(− cosψ · sin ϕ · sin θ)δx ′
ki+

+ (− cosψ · cosϕ · sin θ)δy′
ki+

+ (− cosψ · sin θ)δz′
ki

⎤
⎥⎦ (41.17)

The relative motion of the wheels, the differential(s) and the engine are character-
ized by a system of four differential equations derived by the Lagrangian method,
which has the form of:

[
Iγ

] · [
γ̈
] = [

Mγ i
]; Mγ i = {Fiτ · ri + sign(γ̇i ) · [Mdi − fi · Ni − Msi ]}

(41.18)

�Fiτ is tangential component of the tire-road friction force, the positive direction of
which is taken backwards, in the more frequent cases of braking or loss of stiffness.

Where μ is friction coefficient depending on slipping speed on the contact spot;
�ri—radius of the wheel; fi—coefficient of rolling friction; �Ni—normal reaction of
the road on wheels;

[
Iγ

]
—a square matrix of coefficients in front the actual angular

acceleration of the drive wheels, depending on the moment of inertia of the wheels
and the engine; γ̇i/ i = 1 ÷ 4/—wheel angular velocity;

[
γ̈
]
—a matrix-column of

the actual angular acceleration of the wheels, two or four of which are propulsive;
Mdi , Msi—corresponding engine and brake torque applied to each wheel.

Figure 41.2a shows the dynamic model of an active suspension system.
Figure 41.2b shows the dynamic diagram of a driving or sliding wheel.

In the system solving the differential equations of motion, a module has been
added for the analysis of the two angles of rotation ϕx ′ and ϕy′ which are determined
by the kinematic equations of Euler (41.16 and 41.17). They represent the rotation
of the unsprung mass around its own coordinate system relative to a parallel moving
coordinate system of the fixed coordinate system, invariably connected to its center
of mass. Its change above a certain value in the positive and negative direction
determines the change in the stiffness of suspension.
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Fig. 41.2 a Dynamic model of an active suspension system and b drive wheel diagram

41.3 Numerical Experiment of a Spatial Motion Model
of an Automobile

Mechanomathematical modeling of vehicle’s motion with front-wheel drive, in the
presence of a modern active safety system, active suspension, is associated with
analysis of the change of angle around its own longitudinal and transverse axis of
the car.

Technical data of an automobile are: massm= 1180 kg; length a= 4,31 m; width
b = 1,74 m; longitudinal base b = 2,65 m.

Initial linear and angular velocity of the car are as follows:

V x = 100 km/h; V y = 0 km/h; V z = 0 km/h

ψ̇ = 0 s−1; θ̇ = 0 s−1; ϕ̇ = 0 s−1 (41.19)

Elastic constants of springs without active and with active suspension are as
follows:

ci = [
20000 20000 18000 18000

]
(N/cm)

ci1 = [
100000 100000 100000 100000

]
(N/cm) (41.20)

Damping factor without active and with active suspension is as follows:

βi = [
5246 5246 4208 4208

]
(N s/cm)

βi1 = [
11731 11731 9919 9919

]
(N s/cm) (41.21)

Initial linear coordinates of the center of mass and angles of rotation:

xc = 0 m; yc = −1, 5 m; zc = 0, 55 m

ψ = 0◦; θ = 0◦; ϕ = 0◦ (41.22)
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Fig. 41.3 a Coordinates of suspension points, b changes in the angle around the Oz axis and b
trajectory of center of mass

Fig. 41.4 a Center of mass velocity and angular velocity, b changes in angle ϕx ′ and ϕy′ and b
angular velocity of the wheels

41.3.1 Numerical Experiment of Vehicle’s Motion Without
the Presence of an Active System in Suspension

When active suspension system is not activated, the following graphical dependen-
cies are present (Figs. 41.3 and 41.4):

41.3.2 Numerical Experiment of Vehicle’s Motion
with the Presence of an Active System in Suspension

When active suspension system is activated, the following graphic dependencies are
present (Figs. 41.5 and 41.6).
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Fig. 41.5 a Coordinates of suspension points, b changes in the angle around the Oz axis and b
trajectory of center of mass

Fig. 41.6 a Center of mass velocity and angular velocity, b changes in angle ϕx ′ and ϕy′ and b
angular velocity of the wheels

41.3.3 Comparative Analysis of Motion Trajectories
and Critical Speed of an Automobile in a Turn.
Critical Speed of a Vehicle’s Curve

Examination of critical speed of an automobile is based on reduced tire-road friction
coefficient of 0.7. The vehicle in motion is in successive curves without any inclina-
tion on the roadway (Fig. 41.7).

The radii of the turnwith respect to the trajectory of the center ofmass are obtained
according to the dependence:

Fig. 41.7 Graphical measurement of the turning radius
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R1 = a2

8.h
= 402

8.2, 0
= 100 m (41.23)

R2 = a2

8.h
= 402

8.0, 82
= 244 m (41.24)

41.4 Conclusion

Maintaining vehicle’s stability is achieved by reducing the influence of centrifugal
inertial forces in the car body. Control and evaluation of the position of the vehicle
body is by observing z-axis suspension of the body on each wheel and the slope
angle of its own coordinate system relative to the invariably connected to the center
of mass coordinate system parallel to the fixed coordinate system. The use of active
suspension improves vehicle safety and increases reliability to prevent loss of lateral
stability, but reduces ride comfort due to hardening suspension elasticity.
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Chapter 42
Mechanical Mathematical Modelling
of Two-Vehicle Collisions

Stanimir Karapetkov, Lubomir Dimitrov, Hristo Uzunov,
and Silvia Dechkova

Abstract Globally, statistical analysis reports show that the most serious vehicle
collisions mainly constitute of two-vehicle accidents. The dynamic and kinematic
model of car crashes is particularly challenging when requirements for improved
accuracy of the analysis are introduced. For more sophisticated models the more
accurate the analysis, the more variables in each phase of motion and impact need
to be introduced. Two basic problems must be solved, defined by the final rest posi-
tion of the cars: whether it is known or must be found by solving Cautchy problem.
This article presents a dynamic impact analysis between two vehicles, using data for
known final rest position and avoiding the uneasy task of selecting the correct coeffi-
cient of restitution. Undeniably, it represents the ratio between post impact and prior
to impact relative velocity of the centers of mass of the two vehicles in projection in
the direction of the crash pulse. The presented results were obtained by simulation
and graphical dependencies of the proposed algorithm for reliability analysis esti-
mation, followed by the deduced discrete positions of post-impact vehicles motion,
which confirms the useful application of the proposed algorithm. A comparative
study was carried out based on the known treds from first-hand inspection in the
field accident.

Keywords Car · Crash · Vehicle collisions · Velocity · Mechanics

42.1 Introduction

The two-car collision was reconstructed as two solids were mounted on elastic
supports. The latter were connected to a platform with wheels attached onto it [1–5].
Proper selection of vehicle technical parameters such asmass characteristics, support
elasticity, damping properties of shock absorbers and so on determined the accuracy
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of the dynamic investigation of the post-impact macro motion of the bodies. On
the other hand, the problem of impact was solved using a mechanical-mathematical
model developed for the purpose. The two vehicles were placed and oriented in the
coordinate system as they had been at the point of impact and in position to each
other, which completely corresponded to first-hand inspection in the field accident,
including vehicle deformation data [6–10].

42.2 Impact Problem

Determine magnitude and direction of the crash pulse, pre-impact velocity of the
centers of mass of the two vehicles if post-impact velocity of the centers of mass of
the two vehicles are known (Fig. 42.1).

Boundary-value problem of impact: Determine the following initial conditions:
post-impact linear and angular velocity of both vehicles if some of the initial condi-
tions are known, such as the position of the two vehicles at the moment of impact
and the vehicles final rest position.

The simplest and easiest way to solve the problemwhen two vehicles are impacted
is by applying Momentum Conservation Principle that has the form [11–17]:

m1. �V1 + m2. �V2 = m1.�u1 + m2.�u2 (42.1)

wherem1 and m2 are total vehicles mass; V1 and V2—velocity of the centers of mass
of the vehicles right before impact; u1 and u2—velocity of the centers of mass of
the vehicles right after impact. The application of the principle has some limitations,
assuming that both cars are material points. The second equation of the conservation
of momentum principle involves trigonometric function of “sin”, in which a small
change of the angle causes significant deviations in the final solution of the system.

This ratio is actually the coefficient of restitution, which is as follows:

Fig. 42.1 a Car accident diagram and b vector analysis
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k = |�un|
|�Vn| = |(�u2 − �u1).�e|

∣
∣
∣

( �V1 − �V2

)

.�e
∣
∣
∣

(42.2)

where �e is a single vector of the crash pulse vector and the “k” is the coefficient of
recovery. “Here�un is projection of the relative velocity between the centers of mass
of the vehicles after the impact on the crash pulse directrix, and �Vn—projection
of the relative velocity between the centers of mass of the vehicles before impact on
the crash pulse directrix.

It is obvious that there is a necessity to select a particular value for the coefficient
of restitution in the range of 0 ≤ k ≤ 1, with a possible increase in steps of 0.001.

The impact for each of the vehicles is characterized by the impulse-momentum
change theorem for the time of impact, which for each of the vehicles has the form:

m.�u − m. �V = �S (42.3)

where �u is the velocity of the center of mass of the post-impact vehicle; �V is the
velocity of the center of mass of prior-to-impact vehicle; �S—crash pulse.

The impulse-momentum change theorem applied to the mechanical system of the
car related to the vehicle center of mass during its relative motion around it has the
form of:

d �Kr
C

dt
= �M (e)

C (42.4)

where �M (e)
C is the principle of moments of impact forces related to the vehicle center

of mass.
After solving the system of Eq. (42.4), the projections of the crash pulse are

determined as follows:

Sx = J1zωz1ρ2x + J2zωz2ρ1x

ρ1xρ2y − ρ2xρ1y
;

Sy = J1zωz1ρ2y + J2zωz2ρ1y

ρ1xρ2y − ρ2xρ1y
(42.5)

where J1z , J2z are the mass moments of inertia of the vehicles around the central
vertical axes perpendicular to the plane ofmotion;ωz1,ωz2—angular velocities of the
vehicles after collision;ρx j , ρy j , j = 1, 2—coordinates of the point of application A j

of the impact force related to a center ofmass reference frame,moving translationally.
The magnitude of the projections of the crash pulse is used to obtain the velocities

of the centers of mass of the two vehicles before collision according to Eq. (42.3)
after their projection on two mutually perpendicular axes:
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Fig. 42.2 Rear view of the
automobile z

1y
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z'
θ
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2z

2y
iA

iP

O2

O

z''

y''

C
C1

C2

V1x = u1x − Sx
m1

; V1y = u1y − Sy
m1

; V2x = u2x + Sx
m2

; V2y = u2y + Sy
m2

(42.6)

In the above equations, the magnitude of ωz1, ωz2, i.e. the angular velocities of
the cars after collision and �u j—the vehicle velocities of the centers of mass after
collision should be analyzed.

The differential equations of motion for each vehicle after impact, considered as
a multi-mass spatial mechanical system, have the type (Fig. 42.2):

mẍC =
4

∑

i=1

[Fix ] + mg sin ξ − Wx

√

ẋ2C + ẏ2C ẋC (42.7)

mÿC =
4

∑

i=1

[

Fiy
] + mg sin ν − Wy

√

ẋ2C + ẏ2C ẏC (42.8)

mz̈C =
4

∑

i=1

Ni − mg
√

1 + tg2ξ + tg2ν
(42.9)

where ξ—longitudinal slope of road; ν—transverse slope of road.
After some transformations and projection of Eq. (42.5) on the axes permanently

connected to the unsprung mass, the system of differential equations in matrix is
obtained:

{[

JC1

] + [

JC3

]}

[ω̇] = [

MCω

] + [

MC3ω

] + [

MCa1
] + [

MCa2
]

+ [

MCa3
] + [

MCk

] + [

MCm

]

(42.10)

where [ω̇] = [

ω̇x ′ ω̇y′ ω̇z′
]T

is a matrix-column of the derivatives of the angular
velocity projections on the coordinate axes permanently connected to the unsprung
mass:
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[

MCω

] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

MFx ′ + MNx ′ + J3x ′z′ω3x ′ω3y′ − J3x ′ y′ω3x ′ω3z′+
(

J3y′ − J3z′
)

ω3y′ω3z′ + J3y′z′
(

ω2
3y′ − ω2

3z′
)

MFy′ + MNy′ + J3x ′ y′ω3y′ω3z′ − J3y′z′ω3x ′ω3y′+
(J3z′ − J3x ′)ω3x ′ω3z′ + J3x ′z′

(

ω2
3z′ − ω2

3x ′
)

MFz′ + MN
z

′ + J3y′z′ω3x ′ω3z′ − J3x ′z′ω3y′ω3z′+

+ (

J3x ′ − J3y′
)

ω3x ′ω3y′ + J3x ′ y′
(

ω2
3x ′ − ω2

3y′
)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(42.11)

[MCk] = −

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎡

⎢
⎢
⎢
⎣

4
∑

i=1

Jky′′i γ̈i �j ′′2i + �ω2 ×
4

∑

i=1

Jk2i γ̈i �j ′′2i +
4

∑

i=1

[Jkz′i
(

ω̇2 + ϑ̈ki
)+

+ mki

∣
∣
∣C2 �Ai

∣
∣
∣

2
ω̇2]�k2

⎤

⎥
⎥
⎥
⎦

x ′
⎡

⎢
⎢
⎢
⎣

4
∑

i=1

Jky′′i γ̈i �j ′′2i + �ω2 ×
4

∑

i=1

Jk2i γ̈i �j ′′2i +
4

∑

i=1

[Jkz′i
(

ω̇2 + ϑ̈ki
)+

+ mki

∣
∣
∣C2 �Ai

∣
∣
∣

2
ω̇2]�k2

⎤

⎥
⎥
⎥
⎦

y′
⎡

⎢
⎢
⎢
⎣

4
∑

i=1

Jky′′i γ̈i �j ′′2i + �ω2 ×
4

∑

i=1

Jk2i γ̈i �j ′′2i +
4

∑

i=1

[Jkz′i
(

ω̇2 + ϑ̈ki
)+

+ mki

∣
∣
∣C2 �Ai

∣
∣
∣

2
ω̇2]�k2

⎤

⎥
⎥
⎥
⎦

z′

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(42.12)

MCa1 =
⎡

⎢
⎣

[(�rC − �rC1

) × (�aC1 − �aC
)]

x ′
[(�rC − �rC1

) × (�aC1 − �aC
)]

y′
[(�rC − �rC1

) × (�aC1 − �aC
)]

z′

⎤

⎥
⎦ (42.13)

MCa2 =
⎡

⎢
⎣

[(�rC − �rC2

) × (�aC2 − �aC
)]

x ′
[(�rC − �rC2

) × (�aC2 − �aC
)]

y′
[(�rC − �rC2

) × (�aC2 − �aC
)]

z′

⎤

⎥
⎦ (42.14)

MCa3 =
⎡

⎢
⎣

[(�rC − �rC3

) × (�aC3 − �aC
)]

x ′
[(�rC − �rC3

) × (�aC3 − �aC
)]

y′
[(�rC − �rC3

) × (�aC3 − �aC
)]

z′

⎤

⎥
⎦ (42.15)

[MCm] = −

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

2∑

i=1

[

Jmi + mmi

∣
∣
∣C2 �Cmi

∣
∣
∣

2
]

ω̇2�k2x ′

2∑

i=1

[

Jmi + mmi

∣
∣
∣C2 �Cmi

∣
∣
∣

2
]

ω̇2�k2y′

2∑

i=1

[

Jmi + mmi

∣
∣
∣C2 �Cmi

∣
∣
∣

2
]

ω̇2�k2z′

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(42.16)
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Here, m is the total mass of the vehicle; mki/ i = 1 ÷ 4/—mass of each of the
wheels; mmi/ i = 1 ÷ 2/—mass of each of the drives; xc, yc, zc—coordinates of
the vehicle center of mass in relation to the fixed coordinate system; ϑk—average
angle of rotation of the steering wheels around their axles; ϑ̈k—angular accelera-
tion; γ̇i/ i = 1 ÷ 4/—angles of rotation of the wheels on their own rotary axis;
γ̇i/ i = 1 ÷ 4/—wheel angular velocity; γ̈—angular acceleration of the wheels;
�Fi , / i = 1 ÷ 4/—friction forces in the wheels; Ni/ i = 1 ÷ 4/—normal reactions
in the wheels; w—drag coefficient; �ω—angular velocity of the movable coordinate
systemC1x ′y′z′ permanently connected to the unsprung mass; �ω2—angular velocity
of the sprung mass and the constantly connected to it movable coordinate system
O2x2y2z2;; MF,N ′

x
, MF,N ′

y
, MF,N ′

z
—moments of the frictional forces on the wheels

and the normal reactions to the permanently connected to the vehicle coordinate
axes; [JC1]—matrix of the mass inertia of the bodywork related to the coordinate
axes, permanently connected to it; [ω]—matrix column of the projections of angular
velocity on the same axes determined by Euler’s formula; Jky′′i , Jkz′′i/ i = 1÷ 4/—
mass inertia of each wheel relative to its own axis of rotation and its radial axis;—
Jmi − / i = 1 ÷ 2/—intrinsic mass moment of inertia of each of the drives relative
to its central axis parallel to z2.

The relative movement of the wheels, differential/s / and the engine is character-
ized by a system of four differential equations obtained by Lagrange method, which
has the type:

[

Iγ
][

γ̈
] = [

Mγ i
]; Mγ i = {Fiτri + sign(γ̇i )[Mdi − fi Ni − Msi ]} (42.17)

where μ is friction coefficient depending on slipping speed on the contact spot; �ri—
radius of the wheel; fi—coefficient of rolling friction; �Fiτ is tangential component
of the tire-road friction force, the positive direction of which is taken backwards,
in the more frequent cases of braking or loss of stiffness; Mdi , Msi—corresponding
engine and brake torque applied to each wheel.

Example: A head-on collision between Volkswagen Tuareg and Opel Vectra with
known geometric dimensions, masses and mass moment of inertia was analysed.
Their final rest positions, location impact and the position of treds left on the roadway
were known.

Data from the accident was the available treds on the roadway from the vehicles
motion at the time of collision and after collision. They are shown in the photographic
material in Fig. 42.3a. The two-car collision diagram is shown in Fig. 42.3b.

The developed dynamic deformation model determined the location of the two
vehicles at the moment of impact and their final rest position (Figs. 42.4, 42.5, 42.6
and 42.7 and Table 42.1).
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Fig. 42.3 a Photographic material, b diagram of the two-vehicle crash (comparative analysis)

Fig. 42.4 a Location of vehicles at the point of impact and final rest positions, b discrete positions
of the two vehicles motion after collision and c projections of velocity centre of mass after impact
and angular velocity about Oz axis for Volkswagen Touareg

Fig. 42.5 a Projections of velocity centre of mass after impact and angular velocity about Oz axis
for Opel Vectra, b trajectory of the Volkswagen Touareg center of mass and c Trajectory of the Opel
Vectra center of mass

42.3 Conclusion

A mathematical model was developed to assist computer simulation of two-vehicle
collisions. It has the advantage to determine with great accuracy the place of impact,
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Fig. 42.6 a Change in angle of rotation about Oz axis for the Volkswagen Touareg and b change
in angle of rotation about Oz axis for the Opel Vectra

Fig. 42.7 Vector analysis

Table 42.1 Results for the solved impact problem

Kinematic quantities Results

Initial position of the Volkswagen Touareg xc1; yc1; ϕz1 15.1 m 0.8 m 3°

Initial position of the Opel Vectra xc2; yc2; ϕz2 17.7 m 2.2 m 180°

Final position of the Volkswagen Touareg xc1; yc1; ϕz1 31.4 m 0.5 m 63.1°

Final position of the Opel Vectra xc2; yc2; ϕz2 17.2 m 7.0 m 14.7°

Initial velocity prior to impact Volkswagen Touareg
ẋc1; ẏc1

28.0 ms−1 1.9 ms−1

Initial velocity prior to impact of the Opel Vectra ẋc2; ẏc2 −27.6 ms−1 0 ms−1

Initial velocity after impact for the Volkswagen Touareg
ẋc1; ẏc1; ϕ̇z1

13.6 ms−1 −1.1 ms−1 4.99 s−1

Initial velocity after impact for the Opel Vectra
ẋc2; ẏc2; ϕ̇z2

0.4 ms−1 7.2 ms−1 4.98 s−1

Crash pulse magnitude Sx ; Sy −3,040 Ns −6801 Ns

Coefficient of restitution k = 0.207
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the position of the two vehicles at the time of impact and the velocities of the centers
of mass right before impact, based on the following reliability criteria:

– The trajectories of the vehicles centers of the wheels exactly correspond to the
configuration and the position of the tire tracks on the lane.

– The direction of the velocity vectors of the centers of mass of the two vehicles
prior to impact correspond completely to the position of the two vehicles at that
moment.

– The simulation results demonstrate that the crash pulse vector and its directix
correspond completely to the deformations of the vehicles and their yaw rotation
after impact.

– The absolute values of the velocity change
∣
∣�V

∣
∣ for each car correlate well with

the strain energy.
– It is not necessary to select coefficient of restitution according to the theory of

impact, but it is determined on the basis of the presented scientific approach.
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Chapter 43
Checking the Validity of the Simulation
for a Vehicle Test Collision

Dan-Marius Mustat,ă, Attila-Iuliu Gönczi, Ioana Ionel,
and Ramon Mihai Balogh

Abstract Road accident reconstruction is a very complex task, which is more and
more based on computer simulation of the vehicles’ motion (kinematic and kinetic
approach) and of the collision between vehicles, pedestrians and/or different other
objects. The research presented in the paper is focused on the validation of a vehicle
collision simulation programme, namely Virtual Crash ver. 4.0, based on a real test
collision. The test collision refers to test nr. 358 achieved byDSDGmbH inAustria, in
2018, and consisted of an experiment duringwhich a passenger car hits, at high speed,
a stationary truck. The paper focuses on the comparison between the crash results
and the results obtained from a numerical simulation, by using the Virtual Crash
software. The conclusion of the validation is that the positioning errors (the linear
and angular) are well under the acceptable values for road accident reconstruction.
First of all, it is important to emphasize, that the determined value of the impact
speed in the simulation (90,123 km/h) was practically the same as the real speed
(90,6 km/h), which is a remarkably good simulated value (the relative error is only
−0.53%) and it could be related to the measurement errors of the speed. In a case
of the reconstruction of a real accident, the errors could be much higher, because of
the errors of the investigation on site and the lack of precise data related to many
parameters which influence the reconstruction. The research is part of theMSc thesis
of the main author.

Keywords Accident reconstruction software · Validation · Virtual crash

43.1 Introduction

In the automotive industry, one of the highest concerns is vehicle crashworthiness.
Rating systems, like Euro NCAP and national control bodies like National Highway
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Traffic Safety Administration in the USA, are regulating all safety aspects, which
automotive industry companies have to comply with [1, 2].

A crash test is represented as a destructive test, performed in order to ensure safe
design standards in crashworthiness and crash compatibility for vehicles or their
components [3]. Experimental crash tests represent a challenge, due to the necessity
of correct andwell-documented execution. Efforts have beenmade to be able to assess
completely the overall vehicle performance during a collision, without needing to
prepare and execute a full-scale experiment, which implies higher costs. Crash tests
are performed not only once a vehicle prototype is produced, but already from the first
steps of the conception of a vehicle, throughout the entire development, designing and
validation process. Virtual crash-test software, using mathematical models (mainly
finite element method [4]), are used to model and predicts real vehicle behavior,
deformations, appearing during and after a collision, and the effect of the impact on
the vehicle occupants.

In this paper, the authors are focusing on reconstructing a real test collision using
a vehicle accident simulation software, called Virtual Crash ver. 4.0, created for
accident reconstruction purposes and validating the program by comparing the main
input and output values. Virtual Crash is a vehicle dynamics and collision simulation
tool based mainly on rigid body dynamics and momentum analysis.

43.2 Initial Data

The real test collision was done by DSD GmbH in Austria, in 2018 (DSD test nr.
358) [5], using a passenger car (P05) hitting at high speed a stationary truck (L13).
Table 43.1 contains technical and collision data related to each vehicle, subjected to
the test collision.

43.3 Analysis and Results

The real test collision was reconstructed with the simulation software Virtual Crash
ver. 4. In Figs. 43.1 and 43.2, collision data comparison between the real test collision
and the simulated process using the above-mentioned software are presented.

Virtual Crash 4.0 uses, for its principal collision model for vehicle-to-vehicle
impacts, a momentum based mathematical model (the Kudlich-Slibar), which is
based mainly on momentum conservation (but is much more complex, see [6, 7]).
One of the main characteristics of the model is the fact, that the changing of the
momentum takes place instantaneously (in reality is a gradual process), which occurs
at a given moment after the first contact of the objects entering in collision. The
difference between the two moments is the so-called “depth of penetration” which in
our casewas considered 0.04 s. The default value in the software is 0.03 s. During this
interval, the vehicles just penetrate each other, without any change in their dynamic
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Table 43.1 General technical and collision data for both vehicles subjected to test [5]

Label P05 L13

Make Ford MAN

Model Focus Ambiente 1.8 TDDI 19.403 FLLC

Year 2000 1997

Velocity (km/h) 90.6 0

Weight (kg) 1214 10,754

Length (m) 4.15 9.6

Width (m) 1.70 2.5

Height (m) 1.44 3.6

Wheelbase (m) 2.62 5.5

Trackwidth (m) 1.50 2.04

Axle load front (kg) 775 5400

Axle load rear (kg) 439 5354

Dist. COG to front axle (m) 0.95 2.74

Fig. 43.1 The position of the vehicles at the moment of the first contact (t = 0 s) in the simulation
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Fig. 43.2 Positions of the vehicles at the first impact (generated automatically by the software at
the moment t = 0.04 s) and some of the main parameters of the simulated collision

parameters. InFigs. 43.3, 43.4, 43.5 and43.6, a comparisonbetween real test collision
and software simulation at certain characteristicmoments are presented. It is obvious,
that excepting the first 0.038 s (the depth of penetration), the simulation and the real
collision are very close to each other. The images of the simulation are a projection
on a vertical plan parallel with the xOz plane of the coordinate system. The images of
the test are extracted frames of a video shot with a high-speed camera (see Figs. 43.3–
43.6).

The simulated impact speed in the simulation (90,123 km/h) is practically very
close to the real speed (90,6 km/h), which is a remarkably good simulated value (the
relative error is only—0.53%).

A graphic comparison between the simulation (modelled through a virtual camera
within the software application, which is not a projection on the xOy plane) and the

Fig. 43.3 First contact (at t = 0.000 s in the simulation-left, real test collision-right [5])
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Fig. 43.4 Collision (at t = 0.038 s in the simulation-left, real test collision-right [5])

Fig. 43.5 Positions at time t = 0.175 s (simulation-left, real test collision-right [5])

Fig. 43.6 Positions at the moment t = 0.417 s (simulation-left, real test collision-right [5])

real test collision (filmedwith a high-speed camera), observed fromabove, is revealed
by Figs. 43.7 and 43.8. Both images are in perspective and not at exactly the same
scale.
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Fig. 43.7 Positions at t = 0 s, at first contact (simulation—left, real test collision—right [5])

Fig. 43.8 Positions at t = 1.2 s (the almost final positions of the vehicles in the simulation—left,
real test collision—right [5])

43.4 Comparison Between Reconstruction and Crash Test

The determination of the positions (at impact) and of the displacements during impact
(from the positions at first contact to the final stopping positions) was the basis for
error calculations, which were performed for linear and angular movements.

In Figs. 43.9 and 43.10 one can observe overlapped pictures of both first contact
(at t= 0 s) and almost final position after collision (at t= 1.20 s), for real test collision
and Virtual Crash 4.0 software simulation, which were used for measurement.

The results of the linear measurements and the error calculations are centralized
in Tables 43.2 and 43.3, for both vehicles, Ford and MAN.

The angular errors of the last (stopping after impact) position (i.e., the angular
difference between the longitudinal axis in the simulation and in the real crash-test)
are very small, namely, 1.648° for the passenger car, and just −0.926° for the truck.

The errors between the real crash-test and the simulation (as a result of the recon-
struction of the collision with Virtual Crash ver. 4) can be explained by the following
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Fig. 43.9 Overlapped
pictures of the real test
collision [5] at first contact
and final position, including
displacement direct
measurement (Ford, MAN)
done in Virtual Crash ver. 4

Fig. 43.10 Overlapped
images from Virtual Crash
4.0 simulation at first contact
and final position, including
displacement direct
measurement (Ford, MAN)
done in Virtual Crash ver. 4

Table 43.2 Linear relative and absolute error results for Ford

Relative error calculation using measurements in the coordinate system

Ford Simulation Ford Test

Displacement in meters 1.237 Displacement in meters 1.303

Relative error (%) of displacement of right—rear corner −5.04%

Relative error calculation using direct measurement of the displacements

Ford Simulation 1.415 Ford Test 1.31

Relative error (%) displacement of right—rear corner −8.02%

Absolute error calculation for the position of right-rear corner

Ford Sim Test Distance (m)

x 4.156 4.341 Delta −0.185 Deltaˆ2 0.034225 0.251

y 1.206 1.037 Delta 0.169 Deltaˆ2 0.028561

Absolute error of positioning at collision. Back-right corner in the simulation was determined at
0.251 m from the real point measured in the test collision
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Table 43.3 Linear relative and absolute error results for MAN

Relative error calculation using measurements in the coordinate system

MAN Simulation MAN Test

Displacement in meters 3.169 Displacement in meters 3.092

Relative error (%) of displacement of right-front corner −2.49%

Relative error calculation using direct measurement of the displacements

MAN Simulation 3.157 MAN Test 3.099

Relative error (%) displacement of right-front corner −1.87%

Absolute error calculation for the position of right-front corner

MAN Sim Test Distance (m)

x 0.178 0.376 Delta −0.198 Deltaˆ2 0.039204 0.238

y 1.877 1.745 Delta 0.132 Deltaˆ2 0.017424

Absolute error of positioning at collision. Right-front corner in the simulation was determined at
0.238 m from the real point measured in the test collision

factors: original DSD image resolution, coarseness of the position of the corner
right-rear lamp of the Ford and right front corner of the MAN (it has a rounded
design) measurement errors in Virtual Crash graphic interface and, last but not least,
modelling errors in Virtual Crash 4.0, due to uncertainty of some important param-
eters. It is impossible to determine to which percentage every mentioned factor, is
responsible for the overall errors. Taking into account these results, in case of a real
accident, such errors are negligible, considering that the errors of the field measure-
ments in the on-site investigation could be even higher. Real accidents are subjected
to a series of variable factors, which are influenced by the way the investigation of an
accident is done. Investigations are indeed achieved by specialized police officers,
but even so, taking the human factor into account, it is almost certain that errors
are due to lack of precise data and incomplete measurements within the field. This
definitely could lead to much higher errors than the incomplete modelling.

43.5 Conclusion

By comparing the data sets given by the software simulation and the crash-test, there
is only a slight difference. For example, the positioning errors (linear and angular)
are well under the acceptable values for road accident reconstruction. As for the
“reconstructed” value of the collision speed, the relative error is practically zero
(−0.53%).

Based on this analysis, it could be sustained, even by this example, that Virtual
Crash ver. 4, as a road vehicle collision simulation software, is usable with a high
level of confidence for accident reconstruction. Real accidents are subjected to a
series of variable factors, which are influenced by the way the investigation of an
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accident is done and it is almost certain that errors are due to lack of precise data and
incomplete measurements within the field.
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Chapter 44
Mechanical Metastructure in Structural
Engineering: A Short Review

Livija Cveticanin and Sinisa Kraljevic

Abstract In this paper a short review on the mechanical metastructure applied in
civil, mechanical and structural engineering is considered. This metastructure repre-
sents the macro version of the metamaterial which is a kind of composite. The main
property of the mechanical metastructure is to mitigate and suppress vibration in
systems. Depending on the configuration it represents vibration isolator or absorber
which stops the low-frequency vibrations and forms an oscillation band-gap in a
certain frequency interval. Various types of mechanical metastructures with negative
effective mass and negative stiffness are presented. In the paper the auxetic structures
with negative Poison’s coefficient for vibration elimination are also considered. The
future investigation in the matter is suggested.

Keywords Mechanical metastructure · Auxetic structure · Vibration isolator ·
Vibration absorber

44.1 Introduction

One of the most important environmental pollutant is vibration. Generally, vibra-
tions are caused by external periodic forces which often occur in rotors. As is
well known the rotating part of the machines has the eccentricity due to inaccu-
racy during production and mounting, inhomogeneity in material, unsymmetrical
wear in working process, etc. The physical and the geometric center of the rotor
differ and the centrifugal force acts which causes the transformation of the useful
working energy into mechanical vibration. Vibration in our surrounding may cause
health problems which may be of local (on hands or legs) or global (for whole body
vibration) character. Usually, vibration are accompanied with noise. Noise is the
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unwilling sound which represents also an environmental pollutant. Namely, part of
the vibration energy is transformed into sound wave which gives the noise. Noise
may cause disturbance during the work or relaxation but also give very intensive
health problems. Because of that, strong restrictions to the noise level in the life
and working environment are introduced. Depending on the noise frequency and
its density, given in decibel (dB), the influence on the health condition are deter-
mined. Namely, according to measuring it is concluded that the noise up to 30 dB
gives psychical disturbance, the noise in the interval of 30–65 dB makes problems
in vegetative nerve system, noise between from 65 till 90 dB disturbs hearing, noise
higher than 120 dB causes physical pain and that of 175 dB causes death. Effect
of noise depends also on the frequency spectar. The noise which is in the hearing
interval of 100 Hz to 1 kHz is the most dangerous and has to be decreased or elimi-
nated. Problem of vibration and noise in the environment and working space is not
new one. Significant number of methods, procedures and also technical devices are
developed. Nevertheless, the final solution of the problem is not obtained, yet. In
addition to mechanical absorbers very often various types of isolators are applied.
According to the theory it is known that the quality of absorption is valuated with
transmission lost. This parameter depends on the thickness of the isolator. To increase
the noise reduction for 5–6 dB at a certain frequency, it is necessary to double the
isolator layer. It seems that for decrease of the noise for 30 dB the isolator thickens
is multiplied more than 60 times. In vehicles the requirement for noise reduction is
very strong, but the isolator with so high mass is not impossible to be incorporated
into the cabine. To fulfill the task there is the requirement for new investigation,
including new structures, materials and devices.

Usually, the pre-existing vibrations are treated in two ways: one, by installing
of isolator and reduction of vibration amplitude and the second, by using of the
dynamic absorber which eliminates vibration at the certain frequency. In both cases
for realization of the task masses or mass-spring systems are added. This causes
variations in structure properties due to increase of the mass and the change of its
rigidity. In addition, this intervention is not costless. Therefore, for the last 20 years,
intensive work has been done on the development of new concepts of vibration
reduction, but in a way to eliminate the mentioned shortcomings, without changing
the functionality aswell as the existing physical characteristics of the structure, above
all, load-bearing capacity, strength and rigidity.

One of the possibility is to develope the structure based on the model of a
composite called metamaterial which is used for elimination of the electromag-
netic wave at the certain frequency. Development of electric metamaterial is closely
connected with the stealth technology. For this metamaterial it is concluded that the
wave absorption is due to negative permeativity, negative permittivity and negative
index of reflection.

Using the analogy between the electromagnetic and acoustic wave there was
the idea to produce the acoustic metamaterial which would have analog properties:
negativemass, negative rigidity and negative Poisson’s coefficient. As it is known, the
material with negative properties is not available in the nature. Using the principles
of composite, the structures with theoretically negative effective characteristics are
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constructed. The values of mass and stiffness of the metastructure are introduced
to be fictively i.e. theoretically negative. According to the theory these types of
metastructures are introduced. However, development of newmetastructures is quite
new and needs more investigation in the future.

Since 2000, research in this area has focused on finding materials that will be able
to ensure the elimination of low-frequency oscillations in a certain range. It turned
out that there are no such materials in nature, so they resorted to making artificial so-
called metamaterials [1]. Meta-materials are composites whose structure is adjusted
to meet certain requirements regarding physical properties. Thus, the idea came up
to make a material of periodic structure consisting of a series of basic units, each
of which contains a vibration absorber. Thus, instead of only one vibration absorber
a large number of continually distributed absorbers have to be used to eliminate
vibrations. This type of metamaterial is called mechanical or elastic. In the basic
honeycomb structure absorbers, made of material which differs from the basic one,
are incorporated. The fabrication of such a microscopic order structure proved to
be technologically very difficult to do. However, the structure was realized at the
macro level and an appropriate metastructure was formed. The paper [2] shows an
aluminum chiral plate (dimensions 470 × 91 × 10 mm), in which rubber-coated
metal cylinders are placed.

Experimental measurements of the vibration characteristics of the structure with
and without inserted absorbers were done. According to different layouts, different
frequency responses are indicated, and the existence of a vibration gap i.e. absence
of vibration for certain frequencies is evident. A theoretical explanation of this
phenomenon is given in [3]. It was concluded that each of the basic units of themetas-
tructure has a negative effective mass. The area of existence of the negative effective
mass is directly related to the elimination of oscillations at a certain frequency. The
larger the area of the negative effective mass, the larger the area for which this
absorber ensures the absence of oscillations [4]. This area has been shown to be
larger if the nonlinearity of the absorber is larger [5, 6].

Three types of mechanical metastructures are considered: with negative effective
mass, negative stiffness and negative Poison’s ratio. The aim of this paper is to show
some new types of metastructures for noise and vibration reduction. The paper is
divided into 5 Sections. In Sects. 44.2, 44.3 and 44.4 metastructures with negative
effective mass, rigidity and Poisson’s rate are presented. In Sect. 44.5, the suggested
metastructure is connected with energetic harvester which transforms the vibration
energy of the structure into electric energy. Two types of harvester are mentioned.
Application of the obtained energy is discussed. The paper ends with conclusion.

44.2 Metastructure with Negative Effective Mass

The appearance of elastic or mechanical metamaterials, i.e. metastructures with
added absorbers has attracted much attention from researchers [7, 8]. The basic
element of the structure is a mass-in-mass unit (see Fig. 44.1).
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Fig. 44.1 Mass-in-mass unit

Namely, in the basic mass m1 a spring-mass system is added. The added mass
is m2 and the rigidity of the spring is k2. On the mass m1 the external excitation
force F acts. In general, displacement of mass m1 is u1 and of the added mass is
u2. Investigation in mass-in-mass unit show that for certain excitation frequency
and corresponding values m2 and k2 the motion of the basic mass m1 is zero. The
added system acts as vibration absorber. Combining the units various beam and plane
structures are formed (for example Fig. 44.2).

The absorption property of various metastructures is tested. Metastructures with
different basic structures and shape, number and position of the inserted absorbers
is investigated.

The disadvantage of these metastructures is the complexity of their fabrication.
Because of that new metastructure where the material of basic structure and of
absorbers is the same is designed. However, the basic concept of a single unit with

Fig. 44.2 a Plane metastructure and b model of the metastructure
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negative effective mass is not changed [9]. The basic structure is produced on the 3D
printer of polyurethane material. The basic units of the structure are interconnected
in the form of a 1D rod [10], a 2D plate [11] and a 3D form [12].

44.3 Metastructure with Negative Stiffness

A metastructure that has a negative stiffness can also be used as a vibration isolator.
Theoretical investigation show that the basic unit of this vibration isolator is amass—
stiffness system. The basic element is massless but with stiffness coefficient k1
(Fig. 44.3). Inside the basic mass a mass-spring system is settled. The added mass
is m2 and the spring stiffness is k2. The external force acts on the basic element. It
causes the system to vibrate. However, for certain mass-stiffness coefficient relation,
the amplitude of vibration of the basic element is very small (but it is not zero).
Negative stiffness is manifested when the direction of force is not parallel to the
direction of displacement in the basic structure [13]. For that case, the basic unit has
two stable positions.

In addition, due to elasticity of metastructure, the energy of absorption is
reversible. In [14] the special type of metastructure with units having quasi-zero
dynamic stiffness is considered.

The units are designed in the form of sinusoidal rod or semicircular arches. This
metastructure has significantly better vibration isolation capabilities than those exhib-
ited by a linear isolator. The oscillation amplitude is significantly reducedwithmetas-
tructure. In addition, studies have shown that the vibration characteristic is better if
the damping in the material is low and the excitation frequency is high.

Fig. 44.3 Mass-in-stiffness
unit
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44.4 Auxenic Structures

Usually, if on the probe a tensile force acts, the length of the probe is increased, while
the cross-section is decreased (Fig. 44.4a).

The relation between deformation in the direction of load and deformation in
orthogonal direction is called Poisson’s rate. It is assumed that this rate is positive
However, new concave hexagonal unit is constructed (Fig. 44.4b) for which the
character of the Poisson’s rate is opposite to the previous one: both deformation in
loading direction and also in orthogonal direction are increasing (not only the length
but also the cross section).

Structure constructed from these units is called auxetic. The basic feature of
the structures is that the dimension in the direction perpendicular to the direction of
action of the tensile force increases and at the same time the structure absorbs energy.
Basically, these structures are lattice with nodes (polygonal or circular) and elastic
bending ligaments. Depending on the spatial arrangement of the nodes and ligaments,
there are two basic unit structures [15]: one in which the ligaments are on the same
side of node and the other, where the ligaments are on the opposite sides of the node.
In [16], a modification of the basic structure was performed in order to reduce the
stress concentration in the nodes. The modified S lattice metastructure is designed.
Very often, a combination of tetra and anti-tetra units is used in the construction of
the metastructure [17]. Depending on the number of ligaments, the basic structure
can be four-sided or six-sided [18]. This metastructure is diluted according to the
skin structure of lizards and snakes [19].

Fig. 44.4 a Unit with positive Poisson’s rate and b unit with negative Poisson’s rate
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44.5 Conclusion

Although the plate with metastructure has been shown to be very suitable as a vibra-
tion absorber or vibration isolator (depending on the structure), tests have also shown
a major drawback. Namely, the structure shows anisotropy, i.e. when a force acts in
one direction it shows an absorption property, but when a force acts in the other
direction, this property does not exist. In addition, the characteristics of the slab
with metastructure do not meet some of the requirements that designers usually set
before it: they do not have sufficient strength, resistance to temperature changes,
thermal conductivity, sufficient rigidity, etc. Hence, there is a need to harmonize the
type of material and structure into a single whole in order to ensure: isotropy, suit-
ability for load transfer, easy technical implementation, i.e. production, resistance to
temperature changes, but also low cost of fabrication.
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Chapter 45
Numerical Investigation of 3D Lattice
Infill Pattern Cellular Structure
for Orthopedic Implant Design

Rashwan Alkentar, Dávid Huri, and Tamás Mankovits

Abstract Due to the significant increase in medical implant replacement surgeries,
the demand for the best cellular design has become a strong necessity. With the
additive manufacturing methods in place, researchers are producing many types of
cellular structures that help to optimize the shape and design of the implants to get
the best biomechanical properties. The paper discusses the numerical investigation
of a titanium alloy cellular structure applied as an implant using the finite element
method. The aim of the research is the establishment of a proper simulation process
for compression. Based on the stress–strain curves, the compressive response of three
different sets of porosity for the same cellular structure type are compared.

Keywords Cellular structure · Additive manufacturing · Finite element analysis

45.1 Introduction

Along theway of the implant life in the human body,many failuresmay rise and cause
irregularities to the implant function. Researchers have identified the most famous
faults of the medical implants to be the dislocation, stress shielding and loosening of
the prosthesis planted inside the body [1–3]. Thus, it has been more than important
to revise the shape and design of the implant before moving into the manufacturing
process. The new feature of the lattice-structured unit cells has provided a new solu-
tion for most of the failures mentioned by improving the mechanical and biological
properties of the implant structure and being more suitable for bone ingrowth [4–8].

The mechanical and biological properties of the cellular structure used in the
medical implants depend on the topology and the porosity of the lattice [9, 10], and
that urged the ANSYS Software Company to produce many options to apply some
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e-mail: tamas.mankovits@eng.unideb.hu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. Rackov et al. (eds.), Machine and Industrial Design in Mechanical Engineering,
Mechanisms and Machine Science 109,
https://doi.org/10.1007/978-3-030-88465-9_45

467

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88465-9_45&domain=pdf
mailto:tamas.mankovits@eng.unideb.hu
https://doi.org/10.1007/978-3-030-88465-9_45


468 R. Alkentar et al.

predefined lattice structures. This feature has the option to manipulate the filling
percentage and the dimensions of the strut of the cell to have the required shape.

The design of the unit cells is much more complicated than the normal structure,
and it is harder and more expensive to manufacture using conventional methods.
Consequently, additive manufacturing (AM) has emerged over the past few years
to replace traditional manufacturing. With AM, it is now possible to create intricate
geometries and personalized pieces such as the cellular structures under research
[11].

All the current researches focus on the titanium alloy Ti6Al4V to be the option for
medical implants thanks to its high performance both mechanically and biologically
and the good resistance against corrosion [12].

In this paper, a cellular structure is chosen to be numerically analyzed. The finite
element analysis includes simulating the compression test to determine the stress–
strain curve related. The effect of the structural porosity on the material response is
also investigated by analyzing three sets of porosities of the cellular structure.

45.2 Material and Methods

45.2.1 Materials

For the sake of biocompatibility, the titanium Ti6Al4V has been used in the current
research as material. This alloy is famous for the high degradability, high strength,
corrosion-resistance, low density andwide usage in the biomaterial industry [13–15].

The titanium alloy industrial name used in the paper is Ti64, which corresponds
to the standards ASTM F1472 and ASTM F2924. Parts made from such material
can be later machined and heat-treated as well. Table 45.1 shows the mechanical and
physical properties of the alloy used. The material response was modeled using the
isotropic elastic material model. The aim of the investigation was to determine the
force–displacement relationship within the elastic zone.

Table 45.1 Properties of the
Ti64 [16]

Property Value

Density (kg/m3) 4429

Yield strength (MPa) 910

Compressive strength (MPa) 1080

Tensile strength (MPa) 1200

Young’s modulus (MPa) 113,800

Poisson’s ratio 0.34
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45.2.2 Preparation of the Geometry of the Specimens

The sample was modeled with correspondence to the standard ISO 13314 of metals
mechanical testing, especially for the compression test. The rectangular specimen
has been chosen for the testing process, see in Fig. 45.1. Since the specimen is
undergoing compression, and for the sake of making the simulation experiment as
precise as possible, extra bulk material was added with the amount of 5 mm on
both sides top and bottom, which gives better results. The standard states, for a
rectangular specimen, that the width of the specimen should be ten times or more
than the diameter of the pore applied. As for the height of the specimen, it should be
equal or up to double the width [17].

According to the standard mentioned, the unit cell sample under investigation is
of rectangular cross-section with 15 × 15 mm dimensions, and the height of the
latticed part is 20 mm as shown in Fig. 45.1. The specimen was produced using the
EOS M 290 3D printing machine at the University of Debrecen.

Out of the types of infill options available in SpaceClaim geometric modeling
software, the 3D lattice infill option was chosen to be in our experiment. The sample
was drawn using the CAD application within the software interface and the infill
process was applied thereafter to get the latticed structure according to the predefined
infill option mentioned. Table 45.2 lists the chosen parameters of the unit cells for
three different sets of porosities.

Fig. 45.1 The model of the
specimen and the 3D printed
specimen

Table 45.2 3D infill option parameters set

3D lattice infill
pattern

Porosity (%) Actual volume of
latticed body
(mm3)

Beam (strut)
thickness (mm)

Beam (strut) cross
section

Case 1 56 2012 0.8 Oval

Case 2 44 2556 0.6 Oval

Case 3 28 3269 0.4 Oval
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The porosity of the structure φ was also validated using Eq. 45.1.

φ (%) = Vbulk − Vstructure

Vbulk
· 100 (45.1)

where theVstructure is the volume of the latticed structure, andVbulk is the bulk volume
of the specimen.

45.2.3 Preparation of the Finite Element Model

A three-dimensional finite element analysis has been carried out on the sample using
the software. The latticed part was inserted into the mechanical application and
tetrahedral elements were applied for the meshing process using patch independent
meshing algorithm. Bonded connections were defined between the latticed part and
the bulk parts.

In the Y-axis direction, a prescribed displacement of 0.5 mm was applied on the
upper surface and fixed support on the lower surface, which puts the sample in the
same position as in the real compression experiment. Because of the large displace-
ment, it could happen that the geometry rigidity changes under the deformation.
Therefore nonlinear solver was selected and the prescribed displacement load step
was applied in 10 equally spaced sub steps. In Fig. 45.2 all three meshed samples
ready for the simulation are shown with the applied boundary conditions.

Fig. 45.2 Mesh sets for the samples: a Case 1 56%, b Case 2 44% and c Case 3 28%
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Fig. 45.3
Force–displacement curves
under compression

45.3 Results and Discussions

In this paper, the properties of the three samples were numerically analyzed through
the simulationmethod using the above-mentioned computer software.With the appli-
cation of the 3D latticed infill pattern option on the sample, the calculation of the
finite element analysis provides uswith the parameters of the unit cell chosen listed in
Table 45.2, and that is for three different sets of porosities. The force-displacements
curves for each case can be seen in Fig. 45.2.

As seen from the results, the specimens exhibit with some differences among the
sets under study as shown in Fig. 45.3. Judging by the slope of the curve for each
set, the lower the porosity is, the stiffer the structure becomes.

In general, depending on the type and properties needed for the implants, designers
can set the percentage of the porosity. It is worth mentioning that many other factors
play an important role in choosing a suitable implant. However, the shape and
geometry of the unit cell are of the major roles to be watched for.

45.4 Conclusion

A review on the behavior of the 3D lattice infill pattern was analyzed numerically
through the finite element simulation study in the research to investigate the mechan-
ical properties. The paper proposed some of themain numerical properties that might
help designers with choosing this infill optionwhenmatchingwith certain bone types
under treatment. Themain results included the effect of the porosity of the unit cell on
themechanical properties of the structure of themedical implant. In the near future, it
is planned to validate the finite element model results with laboratory measurements.
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Chapter 46
Euler Buckling and Minimal Element
Length Constraints in Sizing and Shape
Optimization of Planar Trusses

Nenad Petrovic , Nenad Marjanovic , and Nenad Kostic

Abstract Structural optimization of trusses is a complex process and requires a
realistic representation of the problem in order to achieve applicable results. In addi-
tion to using typical constraints such as minimal and maximal allowable stress and
minimal displacement, in this paper dynamic constraints for Euler bucking have
been used as well as minimal element length constraints for shape optimization. As
shape variables can give short, impractical elements or even be in the same location,
making the element length effectively 0, the minimal length constraint ensures that
solutions can be produced. These constraints were used on a standard test examples
with 10 and 47 bars using genetic algorithm optimization. Shape optimization results
are compared to results of simultaneous sizing and shape optimization.

Keywords Structural optimization · Truss · Buckling · Dynamic constraints

46.1 Introduction

Researchers in the field of structural optimization have redirected their focus on
the benefits of using different optimization methods to find optimal structures using
existing constraint models. This approach has led to marginal improvements in the
time needed to achieve results, but the problems being solved still do not represent
realistic problem requirements. In order to have optimization results directly appli-
cable in practice the mathematical model must represent all factors which are used
in conventional design. Specifically in truss design there are numerous factors which
still need to be addressed and implemented in the optimization process in order to
make results practically applicable. In recent years authors of have made the tran-
sition from using the simpler and less accurate fixed buckling constraints to using
Euler buckling dynamic constraints or other dynamic buckling constraints.

Authors in [1, 2] used different optimization methods to achieve minimal weight
results using Euler buckling constraints with continuous cross-section variables. In
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[3, 4] researchers compared the effects on results between mathematical models
which don’t use buckling constraints and ones which use dynamic constraints for
buckling and continuous cross-section variables. A key factor in defining sizing
optimization problems is cross-section variable definition. In practice, continuous
cross-sections are not practically applicable, which is why authors in [5, 6] presented
a comparison of optimal results for models which use continuous versus discrete
cross-section variables. Most recently in [7] a new approach to sizing optimization
was presented which limits the number of different cross-sections which can be used
in any given solution further increasing the complexity of the problem, but at the
same time bringing results closer to practical use.

Shape constraints are generally given as constraints of node coordinates, as is
done in papers [8, 9]. The problem with this approach is the possibility of creating
overly short elements which are practically inapplicable. Researchers in [10–12] all
achieved impractical shape optimization results with points converging to create
elements shorter than 30 cm, even reaching element lengths shorter than 3 cm.
These results point to a need to apply additional minimal element length constraints
when using shape optimization. This research presents a use of minimal length
constraints for shape optimization. The approach is used on shape and sizing shape
truss optimization examples most commonly found in literature.

46.2 Minimal Weight Truss Optimization

Sizing optimization views cross section parameters as variables and requires an initial
model of the truss. These parameters can be cross section geometry (cross-section
type) and/or dimensions. Shape optimization considers node positions as variables.
The x, y, and z (in space trusses) coordinates can take any value in a previously set
rangewhich is also determined by the precision (minimal used units) of the variables.
Shape optimization is rarely used as the only optimization type. It is usually part of a
sequential optimization processwith sizing optimization, or as in this paper it can also
be simultaneously used with sizing optimization. The typical weight minimization
optimization problem is mathematically defined as follows:

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

minW =
i=n∑

i=1
ρi Ai li where A = {A1, . . . , An},

subjected to

⎧
⎨

⎩

Amin ≤ Ai ≤ Amax for i = 1, . . . , n,

σmin ≤ σi ≤ σmax for i = 1, . . . , n,

umin ≤ u j ≤ umax for j = 1, . . . , k.

(46.1)

This paper proposes the use of two more constraints in order to achieve optimal
results which can be applicable in practice. These constraints are an Euler buck-
ling dynamic constraint and a minimal bar length constraint for shape optimization
problems.
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46.2.1 Euler Buckling

Long thin elements subjected to compression are susceptible to buckling therefore
they are checked for stresses which exceed critical buckling stress. The existence of
even a single element exceeding critical values compromises the structures stability
and such solutions are discarded. The use of Euler buckling constraints implies that
only compressed bars are tested using the following expressions:

σ P
Ai ≤ σki where σ P

Ai = FP
Ai

Ai
and σki = Fki

Ai
(46.2)

Stress in compressed elements is given as σ P
Ai , the critical buckling stress is σ ki,

the cross-section area is Ai, calculated axial compression force is FP
Ai and Fki is

Euler’s critical buckling force of the ith element.

Fki = π2 · Ei · Ii
l2ki

,
∣
∣FP

Ai

∣
∣ ≤ Fki for i = 1, ..., n (46.3)

Module of elasticity is Ei, I i is the minimal axial moment of inertia for the cross-
section of the ith element and lki is the buckling length of the ith element from the
set of 1 to n. Depending on the software used for finite element analysis force or
stress constraints can be used. Since sizing constraints vary cross-section areas, and
therefore the moments of inertia in each iteration and shape optimization varies both
the length (critical length) of bars and in some cases direction of the forces in the
bars this constraint is considered as dynamic.

46.2.2 Minimal Element Length Constraint

The minimal element length constraint value for each example is determined by
ex-perience or design guidelines given in literature or corresponding standards. The
mathematical formulation of this constraint is given as:

li ≥ lmin f or i = 1, . . . , n

li =
√

(
xib − xia

)2 + (
yib − yia

)2
(46.4)

The element length li is from the 1 to n range which is between nodes a and b with
coordinates (xia , y

i
a) and (xib,y

i
b) in that order. Existing node coordinate constraints

implicitly define maximal element values therefore they are not necessary, however
if there were a need for such a constraint the same method could be used to create
it. This could be an interesting constraint for avoiding the use of extensions if bar
lengths exceed stock lengths.
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46.3 Optimization Method and Examples

The optimization used for this research is genetic algorithm (GA). The algorithm is
comprised of three elementary operators: selection, crossover, and mutation. Selec-
tion is the process of conveying genetic information through generations. Crossover
denotes the operations (process) between two parents, where an exchange of genetic
information is conducted, and new generations are produced. The mutation operator
creates a random change in the genetic structure of some of the individuals for over-
coming early convergence [2]. Algorithm operation is based on survival of the fittest,
through evolution which allows for the exchange genetic material. Selection is used
as a process of ranking individuals in the population using values from the fitness
function, which defines the quality of the individual.

An original software was created in Rhinoceros 7 using Grasshopper, Galapagos
and Karamba plugins, which allow for the choice of optimization type and the choice
of used constraints. TheGalapagos optimization operator uses GA as its optimization
method. Constraints are developed in the form of penalty functions in order to avoid
unusable solutions.

46.3.1 10 Bar Truss

A common example found in literature for truss optimization is the 10 bar truss
(Fig. 46.1). This truss has 10 independent sizing variables (full round cross-sections)
and 4 shape variables (x and y coordinates for nodes (3) and (4)). Bar elements
are made from Aluminum 6063-T5 whose characteristics are: Young modulus
68,947 MPa, and a density of 2.7 g/cm3. The applied loads are F = 444.82 kN,
in nodes 2 and 4, as shown in Fig. 46.1. The model is constrained with to a
maximal displacement of±0.0508 m of all nodes in all directions, and axial stress of
±72.3689 MPa for all bars. Discrete variables for cross-section diameters are taken
from [5].

Fig. 46.1 10 bar truss
problem
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46.3.2 47 Bar Truss

The 47 bar truss problem has 22 nodes placed symmetrically around the y axis, as
shown in Fig. 46.2. Cross-section elements are grouped in 27 groups according to
the symmetry. This example also uses full round cross-sections, except the mate-
rial used is construction steel. Material characteristics used are: Young modulus
206,842.719 MPa, and a density of 7.4 g/cm3. The structure is subjected to three

Fig. 46.2 47 bar truss
problem
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independent load cases (LC1, LC2 and LC3). The first load case (LC1) consists of
forces F = 26.689 kN in the +x direction and 66.275 kN in the –y direction in nodes
17 and 22. The second load case (LC2) consists of forces F = 26.689 kN in the +
x direction and 66.275 kN in the –y direction in node 17. The third load case (LC3)
consists of forces F1 = 26.689 kN in the +x direction and force F2 = 66.275 kN in
the –y direction of node 22.

The 47 bar truss problem has stress constraints of 137.895 MPa for tension and
103.421MPa for compression. This problem, however, does not have a displacement
constraint. Discrete variables for cross-section diameters are: 6, 8, 12, 12, 14, 15, 16,
17, 18, 20, 22, 24, 25, 28, 30, 32, 35, 36, 38, 40, 45, 50, 55, 56, 60, 63, 65, 70, 75,
80, 85, 90, 95, 100, 105, 110, 115, 120, 125, 130, 140, 150, 160, 170, 180, 190, 200,
220 and 250, in mm.

Shape optimization variables are grouped according to the symmetry. Node
coordinates have the following ranges.

0 m ≤ x(2–8) ≤ 3.05 m, –0.08 m ≤ x(10–14) ≤ 2.29 m, –0.08 m ≤ x(18–20) ≤ 2.29 m,
–0.08 m ≤ x(21) ≤ 3.81 m, –1.52 m ≤ y(4) ≤ 4.57 m, 4.57 m ≤ y(6) ≤ 7.62 m, 7.62 m
≤ y() ≤ 10.67 m, 9.14 m ≤ y(10) ≤ 12.19 m, 10.67 m ≤ y(12) ≤ 13.72 m, 12.19 m ≤
y(14) ≤ 15.24 m and 13.72 m ≤ y(20,21) ≤ 16.76 m.

46.4 Results

Shape optimization results use a 240 mm diameter for the 10 bar truss, and 75 mm
for the 47 bar truss, which are the minimal possible diameters of the most stressed
bars in the initial configurations respectively. Figure 46.3 shows the layout of the
10 bar truss optimal solutions for shape optimization (9371.591 kg) and sizing and
shape optimization (3685.142 kg) where bars 2 and 6 are practically parallel with
bar 9.

Fig. 46.3 Results of the 10 bar truss optimization of shape (left), and sizing and shape (right)

Table 46.1 Node
coordinates for shape and
sizing shape optimization of
the 10 bar truss problem

Node position (m) Shape Sizing and shape

x(1); y(1) (10.584; 1.603) (11.596; 4.284)

x(3); y(3) (10.178; 2.853) (5.789; 8.003)



46 Euler Buckling and Minimal Element … 479

Table 46.2 Node
coordinates for shape and
sizing shape optimization of
the 47 bar truss problem

Node position (m) Shape Sizing and shape

x(2); y(2)/–x(1), y(1) (0.91; 0.00) (1.88; 0.00)

x(4); y(4)/–x(3), y(3) (1.03; 2.63) (1.66; 3.11)

x(6); y(6)/–x(5), y(5) (0.96; 5.54) (1.65; 5.92)

x(8); y(8)/–x(7); y(7) (0.68; 8.62) (1.47; 8.55)

x(10); y(10)/–x(9); y(9) (0.42; 10.67) (0.57; 10.43)

x(12); y(12)/–x(11); y(11) (0.37; 11.7) (0.65; 11.91)

x(14); y(14)/–x(13); y(13) (0.39; 12.9) (0.54; 13.31)

x(20); y(20)/–x(19); y(19) (0.39; 12.9) (0.24; 14.62)

x(21); y(21)/–x(18); y(18) (1.71; 15.11) (1.95; 15.15)

Fig. 46.4 Results of the
47 bar truss optimization of
shape (left), and sizing and
shape (right)

Tables 46.1 and 46.2 show the node coordinates for the 10 bar and 47 bar truss
results for both optimization cases respectively.

Figure 46.4 shows the layout of the 47 bar truss optimal solutions for shape
optimization (3204.269 kg) and sizing and shape optimization (1687.102 kg).

All solutions are the best results of at least 10 repeated optimizations of the same
problem with the same initial values repeated for each optimization.

46.5 Conclusion

The results of examples presented in this paper show that the addition of a minimal
length constraint solves the problem of impractically short elements in shape or



480 N. Petrovic et al.

sizing and shape optimization. The data however also shows the imperfections in the
initial configurations. The 10 bar truss when optimized for sizing and shape gives a
resulting structure where even though the nodes do not overlap, the bars are in the
same plane. This leads to the conclusion that the 10 bar truss can be expected to not
need bar (9) in the initial topology if shape is optimized.

Similarly, compared to results from literature of the 47 bar trusswhich use sequen-
tial optimization of sizing then shape, the solutions presented by this research do not
have a convergence of nodes which lead to an impractical solution (Fig. 46.5).

These optimal results are, however, useful for presenting the need for elementary
changes in the initial topology. The solution presented in [13], similarly to [10] shows
that there is possibly no need for bars 15 and 16, and that nodes (19) and (20) should
be joined in the initial model.

It can be therefore concluded that topological optimization is a necessary addi-
tion to the structural optimization process. Simultaneous optimization of all three
factors is the most complex but yields the smallest weight, however this is not always
possible. When optimizing any truss it is best to try all possible combinations of
optimization types in order to adapt the problem to achieve the best results.

Fig. 46.5 Sizing and shape
optimization results for
47 bar from [13]
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Chapter 47
Modeling and Simulation of High-Voltage
Transmission Line Insulators in a Virtual
and Laboratory Environment

Bojan Mitev, Monika Fidanchevska, Marko Naseski, Kristina Miceva,
and Atanas Kochov

Abstract In this paper, the physical and mechanical parameters of high-voltage
polymer insulators are tested. Already defined forms made according to standard
specifications of insulators with a capacity of 12 and 24 kV were analysed. Based on
these shapes, virtual 3Dmodels have been made that correspond to the physical ones
and optimisation has been performed in order to increase the mechanical character-
istics and reduce the volume. The optimized models are then subjected to virtual
simulations which resulted in satisfactory and significant performance which was
later verified by testing in laboratory conditions with 1:1 physical model made with
“rapidmanufacturing”processes. Thesemodels aremadeof a composite polymer that
consists of epoxy resin and silica and will have a real application in the ever-growing
power transmission network.

Keywords High-voltage insulators · Rapid manufacturing · Virtual simulations ·
Verification of 3D models · Polymers

47.1 Introduction

When it comes to the operating efficiency and operational safety of transmission
systems of electrical power, high-voltage insulators are of great importance. Thus,
there is no surprise that these components must meet high demands in terms of relia-
bility. In addition to both long rod insulators of conventional designmade of porcelain
and cap and pin insulators made of glass or porcelain, as were previously used as
standard, in the field of insulation technology for high-voltage overhead transmission
lines and substations, great importance has been gained by composite insulators [1].
Composite insulators have convincing qualities when designed appropriately, both
in terms of construction and in terms of material selection. Non-ceramic insulators
offer many benefits as improved damage tolerance, good impact resistance, high
mechanical strength-to-weight ratio, flexibility and ease of installation, compared
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with their porcelain counterparts. Despite the many benefits, they can fail mechani-
cally in service by rod fracture. Brittle fracture is a failure process of the insulator’s
mechanical failure modes, and is caused by the stress corrosion cracking of the GRP
(glass reinforced polymer) rods [2]. In their article, Kumosa et al. state that a brittle
fracture can occur usually either inside the fitting or above the hardware.

Maintaining system integrity requires that the damage limit for any line compo-
nent be chosen so that irreversible damage to the component does not occur at
the maximum design load [3]. The damage limit for composite insulators have
been extensively studied because early in their development, it was assumed that
mechanical creep was the controlling phenomenon for the lifetime of the insulator.

Static time-load tests on composite insulator dielectric materials suggest that irre-
versible damage occurs at about 65% of average ultimate strength. Under some
circumstances, dynamic loads can result in insulator failure at lower loads, which
was not considered by Baker et al. in their study. As they mention, past experience
can provide guidance for insulator application in areas where such condition may
occur. Damage limits for application with static line load and strength require a
consideration of the minimum strength that individual insulators in a lot may have
[3].

This paper looks at the mechanical properties of 12 and 24 kV capacity insulators
in both a virtual and a laboratory setting. The technical specifications for the insulators
were provided by the manufacturer to which several dimension changes were made
in order to minimize material usage while maintaining similar properties, Fig. 47.1.
The material used in the experiment is a composite from epoxy resin and 30 vol%
SiO2 (71 µm granulation). The elastic modulus is 27,240 MPa and a tensile strength
of 73 MPa.

Fig. 47.1 Technical
specifications for a 12 kV
and b 24 kV insulator
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There is a wide selection of materials that can be used as insulating materials,
manyofwhich have great properties and are inexpensive [4]. Silica filled epoxy-based
materials are chosen because of their advantages such as low cost, good adhesion
to most of the substrate, adjustable curing temperature etc. However, it is reported
that the epoxy resin without silica filler cannot meet the requirement for its thermo-
mechanical properties [5]. In a study by Wang et al. titled Combined effects of silica
filler and its interface in epoxy resin, it is mentioned that the addition of silica filler
in the epoxy resin increases Young’s modulus of the materials. However, it was
noticeable that at 115 °C the Young’s modulus of the sample with 28 vol% silica is a
bit lower than that of the sample with 14%. According to their research, the material
with 14 or 21 vol% filler content has the highest inelastic strain, while the material
with 28 vol% silica has the lowest inelastic strain.

47.2 Experimental (Methods)

The mechanical properties testing of the insulators consists of a compression test,
tensile test and a three-point bending test, for the virtual static simulations and the
laboratory tests.

47.2.1 Virtual Environment

The developed 3D models are analysed with the help of SolidWorks Simulation, a
static analysis. The external forces and fixtures of the models in the simulations were
made to match those of the actual tests in order to obtain more reliable results. For
the static analysis, the simulation procedure consists of 3 steps, namely: applying
external forces, determining the restriction of movement of the body andmeshing the
body. Both 12 and 24 kV have the same simulation configuration, unless specified
otherwise.

Compression test simulation

The external force used during the compression simulation is placed on the top face,
Fig. 47.2, matching the real-world tests. The bottom face is geometrically fixed.

Tensile test simulation

The virtual tensile test, Fig. 47.3, is performed by adding fixtures in the threaded
holes where the clamps from the tensile testing machine clamps on.

Three-point bending test simulation

The last type of stress themodel encounters is the stress because of bending, simulated
in a virtual environment as a three-point bending test. Figure 47.4 shows the external
forces and fixtures for the three-point bending test simulation, with screws.
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Fig. 47.2 a External forces
and b fixture

47.2.2 Laboratory Environment

The laboratory tests were done in the accredited laboratory for testing of mechanical
properties LT-04 at the Faculty of Mechanical Engineering in Skopje on a Shimadzu
AGX-V series material testing machine. The testing was comprised of a tensile test,
compression test and a three-point bending test. To avoid bending or buckling effects,
appropriate techniques were applied to ensure the specimenwas clamped and aligned
well [5].

Figure 47.5a shows the final prototype insulators. The taller insulators are 24 kV
and the shorter are 12 kV. The Shimadzu testing machine used in the laboratory tests
is shown in Fig. 47.5b.

47.3 Results

The results from the virtual simulations are shown in Table 47.1. Two different
forces were used for each of the simulations, 100 kN, for a comparison between the
insulators, and the maximum force from the laboratory tests so a comparison can be
made between the laboratory and simulation tests. The results from the laboratory
tests are shown in Table 47.2.

The compression test was stopped at 226.151 kN for the 12 kV insulator and
250.230 kN for the 24 kN insulator for safety reasons, as the machine was close to
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Fig. 47.3 External forces and fixtures for the tensile simulation

Fig. 47.4 External forces and fixtures for the three-point bending test simulation
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Fig. 47.5 a Prototype insulators ready for testing and b material testing machine

Table 47.1 Virtual simulation results

Force (kN) Stress (MPa) Displacement (mm) Strain

Compression

SMI 12 100 138.006 0.241 0.003

226.151 312.102 0.545 0.008

SMI 24 100 101.299 0.307 0.003

250.230 253.481 0.769 0.006

Tensile

SMI 12 100 479.935 0.361 0.013

22.553 108.240 0.081 0.003

SMI 24 100 593.646 0.487 0.014

14.964 88.833 0.073 0.002

Bending

SMI 12 100 782.031 0.480 0.020

16.038 125.442 0.077 0.003

SMI 24 100 544.287 0.829 0.015

28.300 154.033 0.235 0.004

its maximum force. There were no visible cracks. In the tensile test, both insulators
broke at the endof the threadedholes, Fig. 47.6a. The three-point bending test finished
with the insulators breaking with a burst caused around the end of the threaded hole,
Fig. 47.6b.
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Table 47.2 Laboratory test results

Force (kN) Stress (MPa) Displacement (mm)

Compression

SMI 12 226.151 130.351 7.461989

SMI 24 250.230 109.260 5.244969

Tensile

SMI 12 22.553 13 6.63326

SMI 24 14.964 6.533 4.403313

Bending

SMI 12 16.038 9.244 5.800042

SMI 24 28.300 12.357 3.38999

Fig. 47.6 a Insulator after the tensile test and b Insulator after the three-point bending test

The calculated stress in Table 47.3 is the stress at the point and area of breaking,
which will be compared with the corresponding simulation results.

47.4 Conclusion

Finding the perfect material for making affordable high-voltage insulators with good
properties is a challenge. The point of the research was to see whether the insulators
made from an epoxy and silica (30 vol%) composite have decent mechanical prop-
erties for exploitation. The comparison in the results shows that the laboratory test
values differ from the simulations. When it comes to the stress difference, it differs
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Table 47.3 Stress
comparison between
laboratory and virtual
simulation tests

Laboratory Simulation % difference

Compression Stress (MPa) Stress (MPa) –

SMI 12 130.351 178.041 30.93

SMI 24 109.260 161.086 38.34

Tensile Stress (MPa) Stress (MPa) –

SMI 12 13 53.897 122.269

SMI 24 6.533 36.701 139.557

Bending Stress (MPa) Stress (MPa) –

SMI 12 9.244 46.016 133.087

SMI 24 12.357 93.820 153.448

from 30 up to 150% depending on the type of test. The prototypes broke below the
material tensile strength for both the tensile test and bending test, which is due to
the material not being injected properly in the mold, which caused air bubbles, and
the geometry of the insulators. That means that the mixing process while making
the composite and the injection into the mold should be improved. The huge amount
of applied force in the laboratory experiments, confirms that the insulators will be
able to withhold the forces in a real-world environment where more factors come
into play. One of the factors that affect the mechanical properties of the insulators as
mentioned in the introduction is the temperature.
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Chapter 48
Application of the Finite Element Method
for Analysis of Piston Characteristics

Dalibor Feher, Jovan Dorić , and Nebojša Nikolić

Abstract Within this paper an application of modern software for prediction of the
piston’s mechanical characteristics in reference to its material is presented. Those
predictionswere used to optimize the piston design in order to achieve the lowestmass
within an acceptable range of the piston load. Using the software for 3D modeling,
the base model of the piston was initially created on the basis of data previously
defined by thermal calculation of an engine. On the model made in this way, a
structural analysis was performed using the finite element method with the aim of
obtaining a picture of its stress state. After that, the piston design was optimized in
accordance with the stress state, with the aim of creating a piston that is minimally
loaded with low material consumption. A stress analysis was performed for three
different materials to compare their properties.

Keywords Internal combustion engine · Piston · FEA · Optimization

48.1 Introduction

Mechanization in agriculture is predominantly driven by internal combustion engines
due to their robustness and autonomy. However, due to legislations, which increas-
ingly require a reduction in emissions, manufacturers face the problem that develop-
ment of the internal combustion engines in some cases can’t achieve this reduction
quickly enough to be in line with changes in regulations. In order to accelerate the
development of the engines, modern computer methods are widely used. The great
advantage of those methods, in addition to saving time, is also the saving of financial
resources. By applying the software, results that are close to realistic can be obtained,
which skips a few steps in the production chain and development itself [1, 2].

The parameter that indirectly affects the reduction of emissions of harmful gases
and the fuel efficiency, is themass of the engine components.Reducing themass of the
engine components also significantly affects the increase in the specific power of the
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engine. The reduction of the mass of the engine components can be achieved in two
way, the first of which is use of lighter materials and the second one is optimization
of the structure with the aim of consuming a smaller amount of material [3].

The optimization method with the aim of reducing the mass was also applied by
Aisha Muhammad, where he showed that by applying the finite element method, a
reduction in themass of connecting rod up to 60% can be achieved. He performed the
analysis by loading a small end of the connecting rod in only one direction, varying
the forces from 100 to 500 N. Accordingly to that, he carried out the optimization of
the connecting rod with aim of reducing the mass [4].

Rayapati Subbarao used the method of structural analysis of the piston, where
he performed an analysis on three different materials Alcoa Deltalloy 4032-T651
Aluminium, ATI Allegheny Ludlum Stainless Steel Type 201L Annealed (UNS
S20103) and NIMONIC Alloy 81. The two boundary conditions set by R. Subbarao
are such that the piston crown is loaded with a pressure of 5 MPa, and friction-
less support is placed on the pin holes of piston. In the analysis he conducted, it
was concluded that Alcoa Deltalloy 4032-T651 Aluminium proved to be the most
deformable compared to the other two materials [5].

It can be noticed that there is a room for improvement of the previously mentioned
analyzes. The authors performed simulations where they loaded the elements of
piston mechanism separately, in only one direction, and did not take into account
the influence of the piston assembly on the connecting rod and vice versa. Engine
parts are loaded with much more complexity during their exploitation. In that case,
it would be expedient to initially perform the calculation of the pressure change
above the piston crown and according to that pressure to define the forces acting on
all the components of the piston mechanism. By applying such determined forces
during simulation of load, results that are significantly closer to the real loads, can
be achieved.

48.2 Methodology

48.2.1 Piston Modeling

The development of the basic three-dimensional model of the piston (Fig. 48.1)
according to the adopted dimensions is done with the use of the Autodesk Inventor
software. The dimensions (Fig. 48.1) of the piston were adopted according to recom-
mendations obtained on the basis of experimental testing of the existing engine
designs which operates in similar conditions [6, 7].

In order to make the results of the analysis as relevant as possible, beside piston
model, models of the other components of the piston assembly are also made. In this
way, their effect on the piston load is also taken into account. Appropriate materials
are assigned to the created model. Following the example of Subbaro and Gupta [5],
the materials used for the simulation were Alcoa Deltalloy 4032-T651 Aluminium,
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Fig. 48.1 Initial model of the piston assembly and dimensions of the piston [7]

ATI Allegheny Ludlum Stainless Steel Type 201L Annealed (UNS S20103) and
NIMONIC Alloy 81.

48.2.2 Finite Element Analysis

The load simulation of the piston model is performed by analyzing the effect of the
gas force, i.e. the effect of other members of the piston assembly on the piston. The
load modeling is performed for the position of the crankshaft at which the maximum
gas pressure is achieved. The stress picture of the piston is analyzed and then the
optimization and analysis of the optimized piston model are performed.

Before conducting the simulation and analysis, the first step is to create a finite
element mesh of appropriate characteristics. The characteristics of the mesh are
chosen so that the simulation achieves a sufficiently high accuracy without creating
the simulation too demanding and time-consuming. For that purpose, first-order
tetrahedral elements were chosen and the average size of element is 5% of the largest
dimension of the model. It is known that first-order tetrahedral elements tend to
overestimate the stress level, but for the purpose of comparing different cases in
order to see each other characteristics, quick and useful results can be obtained.

The simulation is performed for the whole piston assembly in order to notice the
effect of other components on the piston. It is necessary to model a connecting rod
whose role is to simulate a reaction in the direction of its axis. As the connecting rod
has a role of creating the reaction, it is not necessary to perform its calculation. It is
modeled as a rigid body and its axis in relation to the cylinder axis create the angle
of 1.49°. The angle between axes is necessary because the maximum pressure above
the piston head is achieved at the position of the crankshaft of 365°. The applied
constraints are “Frictionless Constraint” and “Pin Constraint” (Fig. 48.2). In this
way, the reaction of the cylinder is simulated, also, the reactions of the wrist pin and
the connecting rod are taken into account.

The piston load is caused by the pressure acting on the piston crown and the
inertial force (Fig. 48.2). The maximum pressure above the piston is 12.569 MPa
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Fig. 48.2 Applied
constraints and the finite
element mesh

and the inertial force is defined using the “Gravity” function. The acceleration value
is defined as the piston acceleration at the moment of maximum gas pressure and its
calculated value is 9872 m/s2. The acceleration of the piston is opposite in regards
to the action of the gas force.

Validation of the model and boundary conditions is performed by comparing the
normal force occurring at the cylindrical constraint “Frictionless Constraint” and
the analytically obtained normal force within the dynamic calculation of the piston
mechanism. The deviation of the forces being compared is 7.5%. Based on this, it
can be established that the boundary conditions are set precisely enough and the
simulation results can be considered valid.

48.2.3 Optimization

Optimization process is used with the aim of achieving the most favorable stress
state with possible reduction of the piston mass in reference to the initial model
of the piston. Due to the complexity of the model itself and the differences in the
parameters that vary for the examined three different cases, it was difficult to define
specific parameters that vary. Therefore, optimization process was performed using
manual trial-and-error method in the same CAD software used to design the initial
piston model. Some of the parameters that varied in all cases are wall thickness,
radius between wall and piston crown as well as piston crown thickness. It is also
important to mention that main dimensions of piston, like the diameter of the piston
crown or piston pin hole, were not varied. Material was removed from the unloaded
areas of the piston, while certain changes were introduced at the areas of high stress,
in the form of addingmaterial and local geometric adjustments (Fig. 48.3). The target
of optimization was to achieve minimal mass of the pistons, but also to maintain the
sufficient safety factor for all of the pistons. This was performed for the pistons made
of different materials, and then such an optimized piston models (Fig. 48.4) were
used for comparison of their mechanical characteristics.
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Fig. 48.3 Some steps of the optimization of the aluminium piston

Fig. 48.4 Optimized models of the piston according to their materials

48.3 Results and Discussion

Optimization successfully reduced the piston mass of the all three initial models.
After the simulation over the optimized designs and the analysis of the stress states
presented in Fig. 48.5. It was noticed that the zones of increased stress are located
on the piston crown, inner face of the piston crown, at the cross section of the oil
piston ring groove and the piston pin hole. From the aspect of Von Mises stress, the
piston made of Alcoa Deltalloy 4032-T651 Aluminium behaves slightly better than
other two. Also, the piston made of this material has the lower mass compared to the
other two, but also the largest deformation are observed. Based on the deformations
(Fig. 48.6), it can be said that the most critically loaded piston in this case is the
one made of aluminium, but also the aluminium piston is the one that has the most
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Fig. 48.5 Piston load in reference to its material

Fig. 48.6 Piston deformation in reference to its material

symmetrical deformation due to the application of a larger amount of material. Steel
andnickel alloy pistons are suitable formore robust constructions due to their superior
strength compared to aluminium. The biggest disadvantage of those two material is
significantly larger mass. Specific comparative values of characteristic parameters
are presented in the Table 48.1.

Table 48.1 Maximum values of the characteristic parameters

Material Von Mises stress (MPa) Deformation (mm) Mass (kg)

Alcoa Deltalloy 4032-T651
Aluminium

96.8 0.0721 0.703

ATI Stainless Steel Type 201L 345.9 0.048 1.254

NIMONIC Alloy 81 256.6 0.0458 1.413
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48.4 Conclusion

It can be concluded that this approach to piston load modeling provides a clearer
picture of stresses that can be expected during exploitation because several factors are
taken into account—gas pressure force, influence of the piston assembly components
on the piston and normal force caused by the connecting rod in certain position. Also,
the optimization procedure itself in this case provided a reduction in the mass. Such
a model can be applied to the analysis of piston properties in correlation with piston
material. Alcoa Deltalloy 4032-T651 Aluminium proved to be a suitable material if
the goal of piston design is lower mass, which is indirectly related to the reduction
of harmful exhaust emissions and increased specific power. On the other hand, ATI
Stainless Steel Type 201L and NIMONIC Alloy 81 are a better choice if there is a
need for a more robust construction which is expected to have high reliability and
long service life as would be the case with agricultural machinery.
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Chapter 49
Numerical and Analytical Analysis
Methods for Radial Response of Flexible
Ring Dampers

Mykola Tkachuk , Andriy Grabovskiy , and Anton Tkachuk

Abstract Radial stiffness of flexible ring dampers used in rotor supports is analyzed
in this paper. Two major approaches are proposed for this purpose. The first is the
conventional finite element modeling of this contact mechanics problem. The second
is an analytical method that can be used as alternative to the costly numerical compu-
tations. This method is based on the Kalker’s principle of minimum complementary
energy.A special variational formulation is developed in the closed formusingEuler–
Bernoulli beam approximation for the elastic ring and a simplified model of normal
contact at the ring flanges. It has been shown that the surface tolerances of the parts
have a substantial effect on the radial response of the flexible ring that may become
nonlinear. The tight fit of the ring on both sides makes it much stiffer, while the loose
fit results in free motion of the rotor and much weaker damping of its motion. Both
methods produced results that are in excellent agreement for the considered cases.

Keywords Flexible ring damper · Rotor vibrations · Complementary energy

49.1 Introduction

Rotary machines are prone to vibrations due to various factors of their design and
operation [1]. The arrangement and characteristics of rotor supports play the key
role on its dynamic stability. In particular this applies to high-velocity impellers in
turbocharged two-stroke internal combustion engines [2]. Due to the compactness
and high performance of this component it is a challenging task to detune this rotor
with a heavy disk from critical rotational velocities. Passive and active measures can
be taken to achieve this goal [3, 4]. The main task is to control the stiffness of the
bearings and other rotor supports. This characteristics often turns out to be nonlinear.
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Besides the methods of nonlinear rotor dynamics [5] that describe the vibrations
in these systems special methods are required to model the radial response of the
supports themselves as a part of the greater analysis.

Finite element analysis is a utilitarian tool to perform such analysis for arbitrary
designs of the rotor supports [6]. Nonetheless it might not be readily accessible in
everyday engineering practice where simple and quick solutions are highly appre-
ciated. That is why an alternative analysis method is proposed in this paper. It is
based on a well-established variational principle of contact mechanics proposed by
J.J. Kalker [7]. This formulation has previously proved to be an efficient mathemat-
ical basis for numerical methods of contact analysis [8]. Furthermore, there is a very
efficient application of this approach to a special design of flexible ring dampers used
as intermediate elastic supports of rotors. Its radial response is found from a solution
of a quadratic constrained minimization problem each part of which is computed
analytically.

49.2 Flexible Ring Damper for Moderation of Rotor
Vibrations

Flexible ring dampers find place in many rotarymachines as cheap and efficient solu-
tion for moderation of unwanted vibrations. They provide the required compliance
in the bearing supports which alter eigen frequencies of rotor. It is often possible to
detune several lowest modes from the operational domain of rotational velocities.
These elastic rings are easy to manufacture, they are extremely compact and thus can
be fitted into an existing structure once any problems with vibrations are encountered
even at the latest stages of the design process, since they do not require excessive
changes to the rotor, the chosen bearings and the housing.

The ring is a simple thin cylindrical shell with intermeshed cut-outs on the inner
and the outer surface. The remaining narrow flanges rest on the outer ring of the
bearing from inner side and the stator housing on the outer side. A stopping ring may
be added in order to prevent the rotational sliding of the elastic damper. The portions
of the ring between flanges are thinner than the nominal thickness of the ring due to
the gap introduced by the cut-outs. Thus they are not supported from any side and
can deform freely as a curvilinear beam sections. This is the source of flexibility of
this structural element.

Note that the contact configuration plays an essential part in the overall behavior
of the ring. If contact status remains unchanged throughout the loading then the
reaction force will be linear function of the displacement. Thus the effective response
of the elastic ring can be determined by a single scalar parameter, the radial stiffness.
Nevertheless, the assumption of constant contact configuration in reality is often
violated. Thus the elastic response of the flexible ring can be expected to be in
general nonlinear. The corresponding design cases and their practical implications
are examined in the subsequent section of the paper.
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In order to determine the elastic properties of the ring the appropriate analysis
tools are required first. The considered contact problem is solved by two numer-
ical methods. The first approach is to perform finite element analysis. However, a
completely new semi-analytical solution method is developed as an alternative to
this costly numerical procedure.

49.3 Finite Element Model of the Elastic Ring Damper

The elastic ring damper has relatively simple geometry that can be fully parameter-
ized in any modern CAD software. The built-in geometrical pre-processor of FEA
packageANSYS©Workbench™was chosen to perform this task instead. Themodel
of the elastic ring is built for any arbitrary number of flanges, cut-out arc angles and
depth automatically.

It can be further assumed that the flexible ring undergoes plain stress deformations.
Apparently, there are no forces or constraints acting in the transverse direction along
the axis of the rotor. In particular, friction can be neglected since this part of rotary
machines is usually well lubricated. This consideration reduces the dimensionality
of the contact problem and the computational cost of a single analysis. The outer
ring of the bearing and the rotor support are treated as rigid solids since they are
much bulkier compared to the slender ring damper. The radial displacement of the
rotor with the bearing is applied as a boundary condition along one of the symmetry
planes. This choice of loading direction makes it possible to consider only a half of
the model. Furthermore, it eliminates the issue of ring rotation since the symmetry
boundary conditions naturally restrict it. Obviously, the response of the flexible ring
varies with the direction of loading. It is chosen to leave this aspect beyond the scope
of the current study, though.

Frictionless contact pairs were introduced at inner and outer surfaces of the ring
including the faces of the flanges and the cut-outs.When ring dimensions fit perfectly
the gap between the bearings and the housing the flanges will be initially in full
contact with the corresponding surfaces. Including the rest of the ring surface into
contact model makes it possible to detect when the gap introduced by the cut-outs
gets closed, which marks a rapid change in the overall flexibility of the damper.

It is also possible to include such important factor as tolerances into the finite
element analysis. Oversize or undersize fits can be assigned from both inner and outer
side independently through the offset property of the corresponding contact pairs.
Positive value of this parameter means a tight fit while negative value introduces an
initial gap between the parts.
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49.4 A Semi-analytical Variational Method

It is possible to reduce the dimensionality of the problem even further down. The
elastic ring can be considered as a curved beam of variable cross-section. Contact
problems for beams can be tackled by displacement based finite element method
without any particular difficulties [9]. Nevertheless, an alternative semi-analytical
method is proposed instead. In the considered special case there is no other structural
elements besides a single looped beam, no framework-like connectivity, the flexible
ring has a simple circular form. The system of forces acting on the ring damper is
well defined. Thus static indeterminacy of this structure can be resolved easily. There
is no need to determine the continuous displacement field in the deformed beam. The
internal forces and reactions that come in formof contact tractionsmay be determined
instead. This can be done bymeans of a variational principle which enables to handle
the inequality constraints of unilateral normal contact in a straight-forward way.

A new formulation of the well-known principle of minimum complementary
energy proposed by J. J. Kalker for normal contact of two deformable solids is
developed for this special case. The complementary energy functional takes the
form:
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The integral term in (49.1) is the internal complementary energy of the deformed
ring as anEuler–Bernoulli beam in terms of the tangential force T (φ) and the bending
momentumM(φ). A(φ) and Iz(φ) are the variable cross-section area and themoment
of inertia, correspondingly. P+

i and P−
j are the reaction forces at the contact points

on inner and outer side of the ring. The total gap values g+i and g−j at these points is
formed by the initial offset δ+ and δ− on both sides as well as the normal projection of
the rotor displacement vector with horizontal component U and vertical component
V that counters the gap from the internal side of the ring:

g+i = δ+ − (U cos(φi ) + V sin(φi )), g−j = −δ− (49.2)

Note that the contact in this formulation was intentionally restricted to the fixed
locations and is assumed to be pointwise. The working hypothesis is that the contact
occurs exclusively on the edges of the ring flanges. This statement is supported in
particular by the finite element simulations as discussed below. As a consequence the
entire ring can be divided into a discrete set of segments between the well-defined
potential contact points. Once the tangent force T, shear force Q and the bending
moment M are known for any given internal point of the segment their distribution
can be determined for the entire element through equilibrium conditions. Without
any unknown forces acting or constraints imposed along any portion of the flexible
ring the problem is statically determinate. The internal forces though will experience
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jumps or kinks at each end of the segment where contact reactions are applied.
Altogether it is sufficient to know the internal forces T0, Q0 and M0 at any arbitrary
cross-sectionφ0 on the ring and the contact reactions P

+
i and P−

j in order to determine
the stressed state of the entire ring. This means that the complementary energy (49.1)
can be analytically computed as a function of these force variables:

� = �
(
T0, Q0, M0; P+

i ; P−
j

)
(49.3)

This task is performed by means of symbolic computing environment Maple. The
internal forces depend linearly on the listed variables. Hence the complementary
energy functional (49.3) turns out to be quadratic.

Naturally, the reaction forces and cannot be arbitrary. First of all they need to be
statically admissible, that is to satisfy the equilibrium conditions:
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that only concern horizontal and vertical components of the resulting force since all
the reactions are central and produce zero momentum relative the axis of the rotor.
Besides these two equality constraints the unilateral nature of the contact restricts
the unknown contact reactions to positive values only:

P+
i > 0, P−

j > 0 (49.5)

Ultimately the variational principle is formulated in the form of a constrained
minimization problem for complementary energy� defined in the closed form (49.3)
subject to a set of equality and inequality constraints (49.4) and (49.5). The response
of the elastic ring to any vertical or horizontal displacement of the rotor is recovered
from the determined contact forces on inner or outer side of the ring:
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(49.6)

The proposed analysismethod does not explicitly operatewith the elastic displace-
ments of the flexible ring or introduces any differential equations that need to be
solved. No higher-order discretization of this displacement field is required corre-
spondingly. Instead a discretized formulation of the problem in terms of a few force
variables is naturally obtained from a well-established variational principle and a
simple assumption regarding the arrangement of contact in the closed form.
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49.5 Radial Stiffness of the Flexible Ring Damper

When the rotor undergoes certain radial displacement relative to the housing it will
push onto the inner flanges of the flexible ring that are facing the direction of motion.
As a consequence the curved sections of the ring squeezed between the rotor and
the housing will get bent and flatten out. This elastic response will create a reaction
force opposing the movement of the rotor that will perform the damping function
of the ring. The force to displacement curves for the vertical loading computed
analytically by the proposed variational method based on the principle of minimum
complementary energy (pMCE) and obtained from the finite-element analysis (FEA)
are shown for three different cases in Fig. 49.1

When the all elements are assembled with zero tolerances this response will be
linear as can be seen in Fig. 49.1. The contact will be instantly established at the
edges of the flanges located at the bottom half of the ring towards which the rotor
gets pressed. This contact set will remain intact throughout most part of the loading.
The constant radial stiffness of the flexible ring computed analytically equals 18.1
kN/mm. This value is in excellent agreement with the finite element analysis which
gives the estimate of 18.5 kN/mm for the initial stage of the loading. The growing
discrepancy between the results for larger vertical displacements should be attributed
to the simplifying assumptions that have been taken for the developed analytical
method. The displacements on the left and the right end of the loaded half of the
ring will be much closer to tangential direction rather than the normal. Meanwhile
the proposed variational formulation is based on the model of normal contact. The
contact detection in finite element analysis is able to identify the change of normal
as the edges of the flanges are sliding along the rigid bodies of the rotor and the
housing. More drastic change of the behavior comes in the form of abrupt stiffening
of the radial response at the displacement that equals approximately the depth of the
cut-outs. When this gap gets closed due to the approach of the rotor the ring will also
get in contact at the side opposite to the flange facing the direction of radial motion.
Once this portion of the ring gets squeezed between the rotor and the housing it will
become as stiff as the two bulk solids. Obviously the proposed analytical method
completely disregards this scenario.

Fig. 49.1 Reaction of the
flexible ring to the vertical
displacement of the rotor
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Fig. 49.2 Gap closing/opening at inner and outer side of the flexible ring with tight fit on both
sides at different stages of vertical loading

In the other case when the ring is fitted tightly both to the rotor and the housing
the radial response becomes quantitatively and qualitatively different. Even for the
relatively small positive tolerance of 10µm on both sides which gives the total offset
of 20 µm the flexible ring displays significantly stiffer behavior. The picture of ring
deformations and the change of gap status shown in Fig. 49.2 explain this difference.
As can be seen, the tight fit creates a pre-stress state and initial deformations at
the beginning of the loading for the neutral location of the rotor. The ring becomes
uniformly compressed and its flanges are pressed inwards and outwards with non-
zero forces. As a result the flanges at the top haft of the ring remain engaged into
contact for some time.

There aremore active contact constraints in the beginning of the loading compared
to the case of exact fit. Together with the pre-stress this causes much stiffer elastic
response of the ring. As the flanges in the top half of the ring get out of contact
the stiffness reduces as can be seen from the flattening of the loading curve in
Fig. 49.1. Ultimately it gets nearly parallel to the linear response of the perfectly
fitted ring. The upturn of the reaction force occurs sooner in this case since the
surface offset consumes some part of the initial gap. This stiffening though is more
gradual compared to the previously considered case.

When the fit is loose some free motion of the rotor relative to the housing occurs.
Its magnitude equals the sum of tolerances on both sides. In the considered case the
rotor can travel 80 µm until it encounters any resistance: 40 µm before it touches
the ring and another 40 µm they would move together towards the housing. The
elastic response after this threshold is much softer when compared to the other two
cases. The stiffness will grow slowly as more and more flanges will consecutively
get into contact. The analysis window excludes the stiffness upturn due to the gap
elimination.
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49.6 Conclusions

The performed analysis of radial response of the flexible ring damper proves that
besides the dimensions of the ring, the number of flanges and the depth of the cut-outs
and other geometry parameters the surface tolerances have substantial effect on its
stiffness. It is crucial to control this factor on the manufacturing and assembly stages
in order to avoid undesired deviations from the design characteristics of this impor-
tant component. Furthermore, one can introduce certain requirements for tolerances
directly into design. Tight fit from both sides of the ring can be implemented, though
the increase of stiffness and the reduction of range of damped motion due to the gap
closure should be accounted for when taking such measures.

In order to predict reliably these crucial characteristics thorough analysis need
to be performed. Finite element analysis can be suggested for the experienced users
due to its versatility. One can model a broad variety of damper designs and expand
analysis to themultiphysics including for instance fluid dynamics of the lubricant [6].
However, simple and analytical method developed in this paper has its ownmerits for
many engineers. For the considered type of flexible ring dampers it displays accuracy
that is not inferior to the finite element analysis. It can be easily implemented in any
symbolic computing environment or even Microsoft Excel which makes it much
more accessible for common use by engineers.
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Chapter 50
Developing a Methodology for Design
of Patient-Specific Plate Type Implants
and Defining the Relative Deformation
of the Implant

Yavor Sofronov and Krasimira Dimova

Abstract Nowadays, one of the commonfieldswhereEngineering collaborateswith
Medicine is the field of Implantology where the cooperation between engineers and
surgeons results in creation of personalized implants. The aim of those innovations is
to create a methodology from the beginning of the process, where the CT (computer
tomography) scan data of the injured area is received to the end of the process where
the implants are inserted. After the Virtual Prototyping the Physical prototyping
could be accomplished with additive technology—the technology of 3D printing.
In some clinical cases, the additive technology via 3D printing is very suitable for
creating patient-specific implants, because of the variety of thematerials. In thewhole
process are involved group of researchers including engineers and neurosurgeons.
The research is based on introduced design process solution which consists of six
steps and few proposed software. The research focuses on the design of a patient-
specific implant and the ability to define in advance its relative deformations via
FEA (Finite Element Analysis). It is important to note that after the production
of the implant and before its insertion the implant should cover the Standard Test
Methods for Spinal Implant Constructs in a Vertebrectomy Model.

Keywords Patient-specific implant · Spine · FEM analysis

50.1 Introduction

Biotechnologies are involved in the rush progress of the technologies, especially the
design, manufacturing and integration of personalized implants. The design of the
implant is becoming more and more complex with improving the Additive Manu-
facturing technologies. The process of the implants implementation tends to ease
because of the developing patient-specific implant which requires less treatment
during the operation [1]. Plate type spinal implant are usually attached with screws
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Fig. 50.1 Design process solution [3]

to the vertebrae. They assist in stabilizing the spine. This type of fusion is a proce-
dure in which a surgeon uses spinal implants and screws to ensure the bones fusion.
They are still flexible enough to allow the spine to bend [2]. Based on the origin
design process, which is shown on Fig. 50.1, are made further analysis in the field
of spinal personalized implants. The innovation is connected with the opportunity
to define the relative deformation of plate type implants in order not to affect the
natural movements of human spine. Based on the fact that the most movable part
of the human spine is a cervical spine the plate is designed to answer the human
anatomy without limiting the spine movements and as it would be of healthy spine.

50.2 Materials and Methods

The main aim of a plate type implant with screws is to create a pressure between one
piece of the vertebrae to another. This results in stability which leads to healing the
injured bones. When inserted the patient-specific implant limits the natural move-
ments of a human spine. The purpose of this scientific research is to introduce a
method to control the relative movements of the implant. The cervical plate type
implant was used for the research. In some clinical cases appear cervical instability
or nerve pressure. It can result from trauma or spinal reconstruction [3]. Depending
on the procedure and the number of spinal levels involved, one or more plates could
be implanted. The plate is held in place by screws and adjusted to the vertebrae [4].
The initial design and the materials are chosen considering the fact that deformation
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Table 50.1 Material properties [5]

Density (g/cm3) Young Modulus
(GPa)

Poisson’s ratio Yield strength (MPa) Elongation (%)

4.42 114 0.35 930 5–18

should be defined in advance. The plate type spinal design is compatible with the
loads occurring in the spinal cord, with its convex middle part, which ensures elas-
ticity. The implant is inserted with four surgical screws. For the aims of the study is
used FEA (Finite Element Analysis) via ANSYS software.

The most common materials in Implantology are stainless steel, plastics, titanium
and titanium alloys. For the research it is chosen titanium alloy Ti6Al4V, which is the
most used because of it is corrosion resistant,wear resistant, non-toxic, biocompatible
properties [4]. The material’s mechanical properties are the following (Table 50.1)
[5].

The methods used in the research are based on Virtual Prototyping [6]. The model
of the implant is designed in CAD software, then it is imported in ANSYS, where
it’s applied load on the implant and the main part of the research is held (Fig. 50.2a).
Because of the symmetric structure for the analysis was used half model (Fig. 50.2b).
This plate type implant is inserted with four screws, each two on one vertebrae. The
vertebrae are conditionally defined as two parallelepipeds (Fig. 50.4). After that are
defined thematerials and the contact areas. Thematerial of the implant and the screws
is Ti6Al4V. The contacts between screws’ head and the implant are defined as No
separation, the contact between the implant and the vertebrae is defined as bonded.
The screws have pretention defined in advance for that reason the analysis is non-
linear. On the implant are applied 10 N force. This results in excessive deformation
of the implant, total deformations of 2.2mm and Equivalent Stress of 660MPawhich

(a) (b)

Fig. 50.2 a 3D model of the implant and bmeshed half model of the implant for ANSYS analysis
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Fig. 50.3 Candidate points

are under Tensile Yield Strength of the material. The design should be changed for
reaching the set deformation of 1 mm. In Direct Optimization module in ANSYS
target deformation of 1 mm is defined and are selected parameters to be varied. As
result are generated five candidate points shown on Fig. 50.3 and the one with less
deviation is chosen. The initial design should be changed referring the optimization
data. The radius of the middle part was changed referring to the optimization [7]. In
addition, Von-Mises Stress value is 392.5MPawhich is below Tensile Yield Strength
for the material [8]. When calculated the geometry of the model is changed referring
to optimization data.

Based on the design process solution a methodology about the design of a patient-
specific plate type spinal implant and defining its relative deformations is created
[3, 9, 10].

The methodology (Fig. 50.5) includes the following steps:

• Patient’s data and generating a 3D model of patient’s spine,
• Creating a 3D model of the spinal implant and material choose,
• Choosing of surgical screws,
• FEA in ANSYS of load distribution of the implant,
• Personalization of the implant, and
• Physical prototype and validation of the spinal implant.

50.3 Results and Conclusion

To sum up the results from the research it is made a methodology based on the
existing design process solution, which is enriched with further simulation analysis,
and improved with the opportunity to define the relative deformation of the implant
via FEA in ANSYS. The methodology is suitable for plate type spinal implant based
on the Virtual Prototyping and Physical Validation. The factors like geometry design,
material properties and specific human anatomy are considered. The innovations of
this kind are example for collaboration between engineers and surgeons as the aim
to improve the quality of the treatment and to reduce the time for integration of the
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Fig. 50.4 Von-Mises Stress distribution of the implant

implant. Moreover, applying the methodology will improve the design of these types
of implants because the implant will ensure the defined relative deformation as it
would be of healthy spine. The essence of the research aims to create improve spinal
personal implantswhere the relativemovements could be set in advance. Based on the
methods andmaterials itwasmade a step forward in thefield of innovations connected
with human health andmechanical engineering. Furthermore, the innovationwill find
a direct application in modern neurosurgery where they will provide access to that
kind of innovations to broad group of patients.
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• Generating a 3D model from DICOM file of a 
patient's spine

• Isolating the area of interest
• Exporting .STL file

Patient’s data and generating a 3D 
model of patient’s spine

• Creating CAD model of a spinal implant
• Material choose

Creating a 3D model of the spinal 
implant and material choose

• Chosing of surgical screws
• Considering important factors for screws like 

length, diameter, thread type
Chosing of surgical screws

• Static-structural analysis in ANSYS of load 
distribution of the implant model

• Direct optimization of the design to achieve 
the defined deformation

FEA in ANSYS of load distribution 
of the implant

• The 3D model of the final design of the implant 
is inserted in  the model of the patient's spine

• Boolian subtraction operation is made
Personalization of the implant

• Exporting the final design of the implant for 
physical prototyping

• Chosing a technology for manufacturing
• Creating a physical prototype

Physical prototype and validation of 
the spinal implant

Fig. 50.5 Methodology for design of patient-specific plate type implants
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Chapter 51
Assessment of Aircraft Cylinder
Assembly Lifetime at Elevated
Temperature

Nikola Vučetić, Ranko Antunović, and Lazar Šarović

Abstract After 1560 h of operation the crack was noticed on the aircraft cylinder
head. Aircraft piston engine cylinder assemblies are component exposed to fatigue
load during its operation. In this paper an assessment of aircraft cylinder assembly
lifetime determined numerically has been shown. The mentioned research was
preceded by numerical thermal and structural analysis of cylinder assembly. Also,
the influence of material porosity on the cylinder assembly lifetime is considered.
Based on the conducted research the potential cause of the crack appearance on the
cylinder head was determined.

Keywords Crack · Cylinder head · Fatigue analysis

51.1 Introduction

In this paper the fatigue analysis of the cylinder assembly at elevated temperature
was performed using Ansys Workbench. The cylinder assembly failed due to the
appearance of a crack on the cylinder head. Failure of aircraft cylinder assemblies is
accompanied by the occurrence of fatigue as a consequence of the existence of multi-
axial thermomechanical loads during operation [1]. Due to the long-term action of
periodically changing loads, gradual destruction of the material occurs, especially at
elevated temperatures [2, 3]. The number of cycles that the cylinder assembly can
perform under the action of the applied load is obtained.

Within the research, the influence of material porosity on the lifetime of the
cylinder assembly is shown. It is fact that porosity significantly shortens the lifetime
of the structure [4–8].
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51.2 Model and Boundary Conditions

The parts of an aircraft cylinder air-cooled assembly are the cylinder body and the
cylinder head, Fig. 51.1 The cylinder body is made of AISI 4140 steel. Based on the
source [9] the properties of thematerial for the cylinder body are defined. The internal
surfaces of the cylinder body are sanded and honed, while there are deep cooling ribs
on the outer side. The material of the cylinder head is aluminum alloy 242.0. The
material properties necessary for structural FEM analysis were determined in [10].

The cylinder head and the cylinder body are connected in the way that the cylinder
head is heated to a temperature of 3500 °C and so heated it is placed on the cylinder
body. By cooling of the cylinder head a rigid connection between threads on the
inner side of the cylinder head and the outer side of the cylinder body is achieved.
The connection between cylinder body and cylinder head is defined as “Bonded”,
Fig. 51.2a.

Fig. 51.1 Model of the
cylinder assembly

Fig. 51.2 a Connection
between cylinder body and
cylinder head; b the cylinder
body to the engine housing
connection

(a) (b)
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The connection between the cylinder body and the engine housing is made using 8
screws. The fixed connection is defined on the contact surface, Fig. 51.2b. The mesh
of tetrahedral finite elements with midside nodes was generated on the 3D model
of the Lycoming IO-360-B1F aircraft engine cylinder assembly. The finite element
mesh consists of 145,604 elements and 277,367 nodes. The minimum finite element
size was 0.062 mm and the maximum was 12.3 mm. The cylinder head workload is
presented by a mean effective pressure of 998 kPa [10].

51.3 Fatigue Analysis of Cylinder Assembly

Within this chapter, the fatigue analysis of the cylinder assembly at elevated temper-
ature was performed, that is the fatigue analysis due to the combined thermomechan-
ical load to which the assembly was exposed during operation. In previous research,
a structural analysis of the cylinder assembly was performed and the distribution of
the stress state of the cylinder assembly was determined [10].

One cycle of operation of a cylindrical piston assembly involves the intake of a
mixture of air and fuel, compression, explosion and exhaust after combustion [11].
The lowest stress values occur during the first stroke (Fig. 51.3a), while the highest
stress values occur during the ignition of the mixture (Fig. 51.3b).

If we take into account that the whole cycle of 4 strokes lasts 0.044 s, it means that
each of the stroke lasts 0.011 s and that the stress states change in a negligibly short
time interval, so that the stress state obtained on the basis of the average effective
pressure at operating temperature is considered relevant [10]. The lifetime of the
cylinder assembly at elevated temperature is shown in Figs. 51.4 and 51.5.

Fatigue analysis of the cylinder assembly revealed that the lifetime of the material
in the area of crack formation ranges from 2.80 × 108 to 2.98 × 108 cycles. Thus,
this confirms the fact of the life of the cylinder head which is estimated at 3600 h of
operation [12], which corresponds to the number of cycles of 2.92× 108, taking into
account that one cycle implies one engine stroke, or two full crankshaft revolutions
that last 0.044 s [10].

Fig. 51.3 Stress state of the
cylinder assembly: a first
stroke and b third stroke

(a) (b)
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(a) (b)

Fig. 51.4 The lifetime of the cylinder assembly at elevated temperature

(a) (b)

Fig. 51.5 The lifetime of the cylinder assembly crack location at elevated temperature

51.4 Fatigue Analysis of Cylinder Assembly Due
to Material Porosity

The problem of cylinder head failure was recorded at 1560 operating hours, which
corresponds to a number of cycles of 1.26 × 108. This number of cycles is signif-
icantly less than the number of cycles to failure obtained numerically, as well as
the number of cycles predicted based on the technical instructions for use of the
Lycoming IO-360-B1F engine [12].

Numerous authors have investigated the influence of porosity on the fatigue life
of aluminum alloys. Although there is no well-established model of the influence
of pore size, density and distribution on the life of the material, based on numerous
S–N curves obtained by experimental research, it can be concluded that in the case
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of material porosity, the lifetime, or the number of cycles to failure, decreases by an
average of 40% [4–8].

Taking into account the existence of porosity of the cylinder head material proven
in previous research [10], the S–N curve in the material properties settings was
modified and the fatigue analysis of the cylinder assemblywas repeated. Themodified
S–N curve is shown in Fig. 51.6. The lifetime of the cylinder assembly is shown in
Fig. 51.7.

Fig. 51.6 The modified S–N
curve due to the existence of
porosity

Fig. 51.7 Cylinder
assembly lifetime in case of
material porosity

(a) (b)

(c)
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Based on the obtained results ranging from 1.22 × 108 to 1.27 × 108 cycles to
failure, it can be concluded that the lifetime of the cylinder head has been confirmed,
which corresponds to the number of cycles to failure that occurred after 1560 h of
engine operation.

.
Thus, it can be concluded that the dominant cause of the appearance of cracks

on the cylinder head is material fatigue caused by the previous existence of material
porosity that most likely occurred during the casting process of the cylinder head.

51.5 Conclusion

Based on research in this paper it can be considered that the dominant cause of the
appearance of cracks on the cylinder head is material fatigue caused by the previous
existence of material porosity that most likely occurred during the casting process
of the cylinder head. Defects in the material represent potential cracks reduce the
mechanical properties, as well as the life time of the material due to fatigue by
shortening the crack propagation time, as well as the time required for its initiation.
The porosity of the material during casting is usually the result of a poorly designed
casting process such as inadequate casting temperature, inadequate cooling rate of
the casting, insufficient number of holes in themold and the like.Metal alloys contain
various inclusions that are undesirable and reduce the static load-bearing capacity of
the structure. Also, the inclusions represent places suitable for stress concentration
sources that are suitable for the formation of micro cracks. During very complex
and variable working loads to which such material is exposed during exploitation,
adjacent cavities in the material are interconnected and initial cracks are formed.
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Chapter 52
Dynamic Simulation of a Planetary
Gearbox with Double Satellite

Imre Zsolt Miklos, Cristina Carmen Miklos, and Carmen Inge Alic

Abstract Double Satellite planetary gearbox is part of the complex mechanisms
with mobile axis. These gearboxes are mainly used in the mining and metallurgical
industries, when to operate equipment using hydraulic motors with speeds lower
than electric motors, torques transmitted respectively higher gear ratios. This paper
presents elements of kinematics and design of the planetary gearbox with double
satellite, respectively 3Dmodeling and its dynamic analysis using theDynamicSimu-
lation module from the Autodesk Inventor Professional application. Dynamic simu-
lation involves transforming the 3D model of the gear into a mechanism, modeling
the kinematic torques, defining the parameters of the driving movement and external
loads, respectively visualizing in graphical form the kinematic andkinetostatic results
for the different components of the mechanism, in real operating conditions, during
a kinematic cycle. At the same time, based on the obtained results, the analysis by
the finite element method of the component elements is presented at the time step in
which their stress are maximum.

Keywords Planetary mechanism · Degree of mobility · Central gear · Satellite ·
Mechanism analysis

52.1 Introduction

The planetary gearboxes are mechanical transmissions, having in their component
gears with moving axis, being characterized by the fact that they ensure high trans-
mission ratios in the conditions of a small size. In industry, we can find planetary
gearboxes with different numbers of central gears, having single or double satellites
[1].
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The use of drive motors for specific equipment from metallurgical or mining
industry, requires in certain situations, conception and design of special gearboxes
with parameters that are not found in the standard series. Such cases are found when
using hydraulic motors to drive, with speeds lower than electric motors, high trans-
mitted torques, or high gear ratios. These gearboxes are those with double satellite,
they are part of the category of complex transmissions, they result from the serial
connection of one or more single satellite transmissions [1, 2].

Below are two constructive variants, studied, of planetary gearboxes with double
satellite.

• The model P-C-II (Fig. 52.1a), is made with two internal cylindrical gears, the
driving element being the satellite arm like an crank shaft, H on which is mounted
the double satellite 2–3. The central gear 1 is fixed, ensuring the planetary gearbox
a single degree of mobility, and the central wheel 4 is connected to the driven
shaft of the gearbox. For this planetary gearbox model, two dimensional variants
have been made, which are currently being tested. They are characterized by
constructive simplicity and very wide kinematic possibilities. The disadvantage
is that due to the eccentricity of the satellite arm, high inertia forces appear,
respectively the manufacturing costs are high [2].

• ThemodelN-C-EI-I (Fig. 52.1b), ismadewith three cylindrical gears, one external
and two internal, the driving element being the central gear 1. The 2–3 double
satellite is mounted on the H satellite arm. Similarly the central gear 4 is fixed
and the central wheel 4 is connected to the driven shaft of the gearbox. This type
of planetary gearbox was made in a wide variety of types, sizes and construction
variants, respectively 9 sizes with 6 transmission ratios. The N-C-EI-I model

(a) (b)

Fig. 52.1 a Model P-C-II planetary gearbox and bModel N-C-EI-I planetary gearbox
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have advantages such as: safety in working, noise-free operation, high reliability,
coaxiality between the driving and driven shafts, high efficiency, and respectively
easy installation [3].

52.2 Kinematics and Synthesis of Planetary Mechanisms

The total transmission ratios, depending on the number of gears teeth, for the two
models of the studied planetary gearboxes, are presented in the relations below [3].

• P-C-II model:

i1H4 = 1

1 − i h41
=

(
1 − z3z1

z4z2

)−1

(52.1)

• N-C-EI-I model:

i414′ = z2z4′

z1z4
· z1 + z4
z2 + z3

(52.2)

An essential problem in the planetary mechanisms design is the correct choice
of tooth numbers, in order to ensure the coaxiality condition. When this condition
is accomplished, without gear unit correction, the transmission ratios of the plane-
tary gearboxes can be defined with z, a, b arbitrarily chosen parameters, which are
simultaneously integers or simultaneously odd multiples of 0.5. The definition of
the tooth numbers in this form allows that, at the synthesis of the planetary mecha-
nisms, they be determined directly, resulting at the same time an information on the
specific losses due to the gear, from the relation of the sum or difference of these
tooth numbers. When determining the number of teeth, it is necessary, when there
is a transmission crotch of the movement, to verify the fulfillment of the mounting
and neighborhood conditions [3].

The specific losses due to gearing can be very small, by the appropriate choice of
parameters a and b. These losses can also be influenced by adopting negative values
for parameter a, a < 0 [3].

The relations between the transmission ratios and the parameters z, a, b for the
two constructive variants of the planetary gearboxes, respectively the calculation
relations of the gears tooth numbers are presented in Table 52.1.

52.3 3D Model of the Planetary Gearbox with Double
Satellite, N-C-EI-I Model

The 3D model of the planetary gearbox assembly, with double satellite, in the
constructive variant N-C-EI-I was made in the Autodesk Inventor Professional
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Table 52.1 Calculation relations of tooth numbers

Gearbox model P-C-II N-C-EI-I

z, i414′ z =
√
i1H4

(
b2 − a2

) + a2

z � a; z � b; |a| < b;
i414′ = 2

(
z2−a2

)
(2z+b−a)

(b−a)(3z+b−2a)(z+b)

a < z < b

z1 z1 = z + b z1 = z + b

z2 z2 = z − a z2 = z − a

z3 z3 = z − b z3 = −z + b

z4 z4 = z + a z4 = z + a

z4′ – z4 = 3z + b − 2a

program (Fig. 52.2), with the specification of the component elements, according
to its kinematic scheme (Fig. 52.1b).

The wheels of the planetary gearbox with double satellite have been modeled as
individual components of the gears of which they are part with the help of the Design
Accelerator module of the Autodesk Inventor Professional program [4].

The “assembly” of the wheels as spur gears, respectively of the other components
of the planetary gearbox, in order to build the kinematic chain of the mechanism
was done by properly defining the assembly constraints, between them, but also to
the housing, considered fixed element. Gear mobility was achieved by introducing
mo-tion type constraints, specifying the corresponding transmission ratios [4].

The coaxiality condition between the two internal gears, with 0 unit correction,
was ensured by adopting modules with different values.

Fig. 52.2 3D model of the planetary gearbox
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52.4 Dynamic Simulation of the Planetary Gearbox
with Double Satellite, N-C-EI-I Model

The dynamic study of the planetary gearwas performedwith theDynamic Simulation
module, of the Autodesk Inventor Professional application, on the principle of the
theory of multibody mechanical systems (MBS). In this situation the equations of
motion are self-formulated by the software based on the geometric-elastic model of
the mechanism and the restrictions in the movement of the elements [5].

Thus, real virtual prototypes can be created in order to obtain products that func-
tionally meet the market requirements, by accurately modeling both the planetary
gearbox components and its real operating conditions, which allows fast testing of
many geometric—constructive variants, in order to optimize the mechanism [6].

In order to achieve theplanetarygear dynamic study, a dynamicmodelwas created,
by defining the kinematic couplings, the driving motion, respectively the external
loads, taking into account the mass of the component elements [7].

Mostly the kinematic couplings were modeled by self-converting the assembly
constraints of the planetary gearbox components. In the case of the external gear z1 −
z2, respectively internal gear z2 − z4, (see Fig. 52.1b), being a double gearing of the
gearwheel z2, the rolling joints (IV class) were modeled manually by indicating the
corresponding pitch circles (Fig. 52.3).

The driving (input) motion of the planetary gearbox was modeled as a rotational
motion in the kinematic coupling: fixed element—central wheel z1, it was defined
as a linear variable angular velocity, from 0 to the maximum value 360 deg/s (see
Fig. 52.5).

Similarly, the external load was modeled as a torque, linear variable from 0 to the
maximumvalue, being applied to the driven element by the kinematic coupling: fixed
element—central wheel z4′ . At the same time, the masses of the mobile components
was taken into account.

Following the simulation of the planetary gear, defined over a time of 5 s and
250 steps, it was found a properly work, by distinguishing the movements of the
components. As a results of the simulation, in the defined loading conditions, it is
possible to visualize, in graphical form, the variations of some kinematic and kineto-
static parameters. For example, the variations of angular velocities in the kinematic
couplings corresponding to the satellite arm—double satellite and the central wheel

Fig. 52.3 Rolling joint
manual modeling
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Fig. 52.4 Angular velocities
variation in kinematic
couplings

Fig. 52.5 Contact force
variation at the gear, z2

z4′ (driven element)—fixed element (Fig. 52.4), respectively contact force variations
in rolling joints, corresponding to the gear z2 (Fig. 52.5) are presented.

Because the z2 gearwheel (component of the double satellite) can be considered
as the most stressed element due to the double gearing, with the gearwheels z1 and
z4, an analysis by the finite element method was required, using the Stress Analysis
module of Autodesk Inventor program.

Since that the finite element analysis was performed on the basis of the results
obtained from the dynamic simulation, respectivelymaximumcontact forces in the z2
gearwheel rolling joints, at one of the corresponding time steps, t= 4.7 s (Fig. 52.5), it
was sufficient for the analyzed element to be isolated from the rest of the mechanism,
by specifying themobile connections it haswith the neighboring elements. Following
this operation, all the defined external loads, respectively the resulting internal loads,
were taken automatically, through the Motion Load option [8, 9].

As results of the analysis by the finite element method of the studied gearwheel,
the von Mises stress distribution (Fig. 52.6a), respectively nodal displacements
(Fig. 52.6b) were presented.
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(a) (b)

Fig. 52.6 a Von Mises stress distribution and b nodal displacements distribution

52.5 Conclusion

Dynamic simulation is a component of computer-aided design and is a method of
analyzing a product in real operating conditions. It can be compared to a virtual
prototyping based on a 3D model, but without the expenses necessary to create a
real prototype. Following the dynamic simulation, results in the form of graphical
variations of kinematic and kinetostatic sizes were obtained, based on which it was
possible analyze by the finite element method of the planetary gear components. In
the case of the z2 gearwheel, the maximum values of tension and displacement are in
the gear areas with the conjugate gearwheels, they being within the allowable limits
for the chosen material, 132.6 MPa, respectively 0.0056 mm.
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Chapter 53
Design and Simulation of a Multi-pole,
Multi-layer, Double-Sided
Magnetorheological Brake

Aleksandar Poznić and Boris Stojić

Abstract Materials, whose rheological properties change reversibly under the influ-
ence of an external force, belong to a group called smart materials. This group
includes fluids, greases, gels, polymers, etc. Materials whose rheological properties
change under the influence of an external magnetic field are called magnetorheolog-
ical materials.Magnetorheological grease e.g. is a type ofmaterial whose rheological
properties also changes due to an external magnetic field influence. The main disad-
vantages of any magnetorheological system e.g. brakes and clutches, are insufficient
torque and/or settling effect. The specific design of the device addresses the torque
issue. Dealing with the magnetorheological material’s settling effect, with the usage
of magnetorheological greases, has been suggested. The main challenges in any
torque base device are maintenance, response time, and braking torque. Increasing
the magnetorheological device’s torque potential by varying its unique design and
the number of active surfaces in contact with magnetorheological material was the
key aspect of this research. This paper is a special part of ongoing research that aims
to increase the total magnetorheological brake torque. Research partially relies on
the results gained from previous experiments and numerous simulations carried out
using commercial finite elementmethod software—COMSOLMultiphysics,AC/DC
module. Materials’ magnetic properties, required for the simulation process, were
previously obtained by the experimental measurements or were obtained from the
manufacturer and applied to the simulations. Post-processing was utilized to calcu-
late the magnetic attributes across the models’ specific cross-sectional areas. The
proposed magnetorheological brake design shows great potential.
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53.1 Introduction

Magnetorheological—MR brake is a type of electromechanical brake that consists of
a stator, rotor, working medium, and one or more excitation coils. Magnetorheolog-
ical grease—MRG, is the workingmedium of theMR brake—MRB and is contained
between active surfaces of the stator and the rotor. When excited, by the control
current, each coil generates a magnetic field through MRB’s body. Affected by the
magnetic field, theMRG’s viscosity changes [1, 2], thus generating the braking torque
of the MRB. There are a number of MRB types [3]. Regardless of their construction
differences, the direction of themagnetic flux density vector is their common feature.
The magnetic flux density, magnetic flux, direction needs to be as perpendicular as
possible to MRG’s flow direction i.e. MRG’s active surfaces and to form a closed
magnetic loop.

From the magnetic and construction point of view, typical MRB is composed of
MRG, as (ferromagnetic) working medium, nonmagnetic and magnetic materials.
Magnetic properties of a MRGs’ can easily be obtained from their manufacturers.
Nonmagnetic materials, such as aluminum, have known magnetic properties. On the
other hand, magnetic properties of magnetic material such as steel, usually are not
known or are not available, and need to be determined by experimental measure-
ments. The most important material’s magnetic property, in this case, is the initial
magnetization curve, which has a highly nonlinear characteristic [4].

The main drawback with any MRB’s type and its application is still insufficient
overall braking torque. Still, there are several ways to increase it. One of them is to use
a working medium with better yield characteristics and to reduce the corresponding
gap size inside the MRB. The second is to increase the applied magnetic flux acting
on the working medium. The last one is to enhance the size of the MRB’s active
surface area by multiplying the number of its layers.

The primary goal of this work was to present progress on the Authors new multi-
layerMRB’s design. New design utilizes aMRG as aworkingmedium in FEM simu-
lation. Layers are equidistant and double-sided. Particular stator and rotor element
thicknesses and their influence on the magnetic flux distribution were analyzed using
a commercial Finite Element Method—FEM software. The important aspect of the
work was aspiration to form a uniform magnetic flux distribution to reduce unnec-
essary concentration points in MRB’s ferromagnetic construction. Magnetic flux
distribution was even more important in layers of the model. The intention was to
distribute magnetic flux in such a manner so that all layers contribute equally to
the overall braking torque value. Obtained magnetic flux values then can easily be
converted into braking torque values for each layer.
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53.2 New Design

The authors of this paper have focused on a hybrid MRB design, which combines
known Disk [3] and Multi-pole [5] MRB type design. The design is a variation of
the two aforementioned.

53.2.1 Innovation

In Fig. 53.1a, c, cross-section of MRB was presented, with emphasis on main,
magnetically conductive elements, relative to one another. The same figure, but (b)
and (d) illustrate these elements in pair and full shape i.e. on both sides of the brake.
This, completely new design, relies partially on a previous design variant of the
T-shape rotor MRB [6]. However, this variation of the T-rotor design was utilized
to streamline the magnetic flux through magnetically conductive parts. Magnetic
flux was generated by excitation coils, Fig. 53.2a, which are placed on both sides
of the brake Fig. 53.2b. Overall magnetic flux spreads through the MRB, but was
separated into two by magnetically nonconductive disk, Fig. 53.2c, d, and contained
with magnetically nonconductive housing, Fig. 53.2e, f. This reduced magnetic flux
dissipation and focused it on the active surface areas. More details in follow up text.

Fig. 53.1 Illustrations of the
new multi-pole, multi-layer,
double-sided
magnetorheological brake, a
segmental cross-section with
emphasis on cores, b cores, c
segmental cross-section with
emphasis on magnetically
conductive rings, d
magnetically conductive
rings

(a) (b)

(c) (d)
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Fig. 53.2 Illustrations of the
new multi-pole, multi-layer,
double-sided
magnetorheological brake, a
segmental cross-section with
emphasis on coils, b coils, c
segmental cross-section with
emphasis on nonmagnetic
disk and shaft, d
nonmagnetic disk and shaft,
e segmental cross-section
with emphasis on
nonmagnetic housing, f
nonmagnetic housing

(a) (b)

(c) (d)

(e) (f)

Opposed to simple MR disk brake type, that only has one excitation coil (coils),
or to the MR T-shaped rotor brake, which usually has only two separate coils, this
design incorporates multiple (twenty-four) individual stationary coils, Fig. 53.2b,
thus forming a multi-pole structure. This coil arrangement is to some extent similar
to the previous MRB design [6]. The coils are divided into two sets, thus forming
a Double-sided arrangement, Fig. 53.2b. Each coil’s magnetic flux vector − �B is
directed towards the center of theMRB, thus creating theuniformlyorientedmagnetic
flux, acting on the MRG contained inside the brake.

Compared to earlier designs [6], there are no “parallel” excitation coils, which
made this design simpler. Both sets of coils act radially on the coaxial active
surfaces of MRG. To increase the total MRG active surface area, the T-rotor element
was concentrically multiplied several times outwards, thus forming a multi-T-rotor
element, Fig. 53.3a.
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(a) (b) (c)

Fig. 53.3 Illustrations of a T-rotor element, b one side magnetic flux spreading, c the mesh

Proposed MRB multi-T-rotor assembly, i.e. shaft and multi-T element is
comprised of nonmagnetic and magnetic elements. The nonmagnetic shaft also
features a nonmagnetic disk, designated asmulti-T-element inner support, Fig. 53.2c,
d. The nonmagnetic disk magnetically separates the body of the MRB and in combi-
nation with nonmagnetic housing, Fig. 53.2f, effectively containing two magnetic
fluxes each to its own side, Fig. 53.3b. Magnetic fluxes act uniformly onto separate
but geometrically equal sides of the MRB active surfaces, i.e. MRG layers.

53.3 Mathematical Model

In the case of the multi-T-rotor brake design, the torque generating properties can be
described by the same analytical model used for the MR Drum brake model with the
results adjustment for additional MRG layers and their specific radiuses and heights
for both sides. The maximum field-induced torque, for MR drum brake, is given by:

Tτ =
k∑

1

2 · Rok · (
2 · π · Rok · lk

) · τy =
k∑

1

4 · π · τy · (
lk · R2

ok

)
(53.1)

Similarly, the maximum viscous torque is:

Tη =
k∑

1

4 · π · η · θ̇

g
· (
R3
ok · lk

)
(53.2)

where k is the number of MRG layers, Rok
is a radius of a specific MRG layer, lk is

the MRG layer’s height, τy is the yield stress developed in response to the applied
magnetic field, η is the viscosity of the MRG with no applied magnetic field, θ̇ is the
angular velocity of the rotor and g is the thickness of the MRG gap. It was noticeable
that the overall intensity of the �B increases as it progresses toward innerMRG layers,
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summarizing the excitation effect of all coils leading to an increase of the τy as the
Rok

decreases. To exclude this effect, the product of
(
lk · R2

ok

)
was fixed to a specific

value. This value was determined at the far core element and at the very least core
element of the MRG layers. The only variable here was the height of the MRG.

53.4 Numerical Simulation

Commercial FEM software, COMSOL Multiphysics was used for the proposed
MRB design modeling. Due to the specific shape of the brake and the coil’s layout,
COMSOL’s 3D space dimension option was utilized. The magnetic field was consid-
ered to be static, so the Stationary Study was used. To reduce computation power
required the model could be cut along the shaft’s axis and then split into two across
the disk’s middle line.

The entire model was surrounded by a sphere-shaped air boundary, several times
the volume of the model. Appropriate material nodes and boundary conditions were
assigned to every element of the model. In this specific simulation, materials such
as nonmagnetic air and aluminum were selected from COMSOL’s database, but
nonlinear magnetic materials, such as construction steel and MRG, were defined
using previously obtained data. These data have been loaded to the COMSOL as
separate files. Note—the influence of the elements like ball bearings was not taken
into account due to their composition and volume share in the overall construction.
In theMagnetic Fields subsection, additional Ampère’s Laws were added.

Model’s mesh, Fig. 53.3c, was generated using the User-controlled mash. The
MRG’s layers were meshed using the Free tetrahedral with custom element size.
The minimum tetrahedral element size was 0.05 mm. Also, special attention was
placed on the curvatures and the narrow regions of MRG segments of the brake. The
curvature radii were multiplied by the Curvature factor parameter which in return
gives the maximum allowed element size along a specific boundary. The Resolution
of narrow regions parameter controls the number of the element created in narrow
regions. These parameters greatly improved the mash quality of the models, which
is now at the threshold of 0.1, which is considered a satisfactory mesh. The solver
was stationary but nonlinear.

To determine the overall magnetic flux intensity in a specific MRG layer FEM
simulation was carried out. A median magnetic flux value, for each MRG layer,
was determined along predetermined circular lines. A 1D Plot Group line graphs
were used to depicture magnetic flux magnitude changes along these circular lines.
Circular lines were positioned at the very center of the MRG layers.
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Fig. 53.4 Change of magnetic flux intensity for each magnetorheological grease layer

53.5 Results and Discussion

53.5.1 Magnetic Flux Distribution

Themagnetic flux distribution patternwithin the proposedMRBwas studied and part
of the results was presented in this paper. Average magnetic flux intensity changes
in particular MRG layers are graphically presented in Fig. 53.4. These values were
determined along single circular lines for each MRG layer. Minimum and maximum
values of magnetic flux, along these lines, ranged from around 0.06 T up to 0.32 T
across all MRG layers. Good results repeatability is achieved especially in the outer
MRG layers area. Inconsistencies in magnetic flux results are due to exciting coils
periodical arrangement, the specific shape of the MRG layers, and coarse mesh
in boundary areas between MRG layers and the rest of MRB construction. Future
work will include much finer mesh but it will be at the expense of computational
requirements.

Linearity in magnetic flux change through MR layers is noticeable. This may
lead to consistency in the field-induced torque values among MRG layers. This was
predicted and considered in an early stage of the MRB design.

53.6 Conclusion

This study represents a part of a continued effort in magnetorheological brake design
improvement. A completely new magnetorheological brake design was presented.
By combiningmagnetic and nonmagneticmaterials, in a specificmanner, a new space
may have been opened for magnetorheological technology. The use of nonmagnetic
material in combination with magnetic ones of a specific shape leads to an increase
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in magnetic flux intensity in targeted areas. This also made magnetic flux more
uniformly distributed through the brake’s body, compared to the previous models.

The improved magnetorheological brake finite element model was developed. It
had the same basic geometric properties as previous models but the number and
arrangement of excitation coils were completely new. Using this model, magnetic
flux intensities along specific lines inside magnetorheological grease layers were
obtained.

A nonlinear relationship between magnetic flux and magnetic field in different
materials was applied in the simulations. Combination of materials may contribute
to other magnetorheological applications, where there is a need for magnetic flux
increase in small areas, but where geometric restrictions are present.

The proposed multi-pole, multi-layer, double-sided magnetorheological brake
design shows big potential. Greater braking torque, in constrained volume and
weight, is now achievable, (2390 Nm/0.0153 m3; 2390 Nm/125 kg).1 Future work
should be focused on scaling themagnetic flux intensity throughmagnetorheological
grease layers which was not the case now.
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Chapter 54
Comparative Analysis of Rotation
Welding Positioners Based on Friction
Forces

Marija Matejic , Lozica Ivanovic , and Milos Matejic

Abstract In this paper a two solution of rotation welding positioners are presented.
The presented welding positioner can be used for a various dimension of workpieces.
First of the presented solutions is a conventional one. As the conventional solution
it can be purchased at market as machine. A concept of second solution is presented
in one of the authors previous papers. This paper presents way of functioning for
both solutions. Also, in this paper is presented a friction forces determination, and its
dependence of the workpiece position. A detailed mathematical model for friction
forces are presented and for one size, the biggest one allowed to be on device,
the reaction and friction forces are calculated. The conducted analysis is used for
comparison between friction forces in conventional and new concept design. The
paper concludes with clearly pointed advantages and disadvantages of the proposed
new concept related to the conventional solution. At the very end the future research
plans and directions are given.

Keywords Friction force · Welding positioner · Ship winches

54.1 Introduction

Welding presents a process of jointing different workpieces made occasionally of
samematerial. Mainly the weldedmaterials aremetals and their alloys. In last decade
welding expands in term that it can be applied for non-metal materials as thermo-
plastics etc. In modern machine industry the welding is one of the essential manu-
facturing processes. In the steel designed machines, such as processing equipment,
transporters, mines equipment and shipping equipment the must use processes are
MIG/MAG welding processes [1, 2].
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For jointing two or more metal workpieces using welding techniques the essen-
tial need is heat [3]. But if the heat is occurred more than is necessary on places,
it can be counterproductive. The non-uniform heat, especially while welding a big
length can causeworkpiece failure during the exploitation. For that purposes,welding
automation, especially for bigger workpieces is required. The welding positioners
are very helpful in avoiding unwanted effects during the welding processes. Welding
positioners keeps in place the elements while being welded and providing rela-
tive, progressive and smooth movement between the welding head and joint to be
welded [4]. In the present times, where the mass production becomes default, it is
often required to automate the manufacturing processes that were conventionally
conducted manually. While using the rotation positioner, the welding gun is fixed
and the workpiece rotate continuously. The workpiece is rotating by using of electric
motor and worm and worm wheel arrangement [5]. The research described in this
paper is related to the problems of friction force that occurs between the workpiece
and the rotating workpieces. Torque transmission is done by friction contact with
rubber covered wheels and metal workpieces. Previous investigations on this topic
of friction forces that occur between the contact elements in rotary positioners for
welding has been insufficiently researched. Jeremić et al. [6] analyzed the impact
of the construction element position of ship winch drum on the effects of torque
transmission by friction in the mechanization welding process. In their study, a new
design of a rotary positioner for welding was proposed and an analysis of the friction
forces that occur between the workpiece and the rotating elements was performed.
Research is based on determining the friction force between rubber covered wheels
and metal in static condition. Static condition is considered because of the small
rotational speeds.

Static friction coefficient depends ofmany parameters, especially from the contact
surface, normal force, and temperature of the atmosphere in which contact occurs,
surface absorption, quality of contact surfacematerials [7–11]. Persson andVolokitin
[12] have developed a model which considers the thermal fluctuations influence
on the depending of little contact patches (stress domains) at the rubber-substrate
interface. The theory of those authors predicts that the macroscopic shear stress
velocity dependence has a bell-shaped form. That paper shows that the low-velocity
side exhibits has the same temperature dependence as the bulk viscoelastic modulus,
in qualitative agreement with experimental data. Shanahan et al. [13] investigated the
mechanism of adhesion that occurs in the contact pair between rubber and hard metal
rolling bodies. If the contact time and pressure reach sufficient values, high adhesion
can be apparent even at room temperature. The influence that accompanies hysteresis
adhesive separation is based on obtained results and that energy was determined,
which is dissipated during rolling, refers not only to, but also to the losses caused by
loading with large cylinder.

In order to optimize the design of welding positioner it was performed large
number of theoretical considerations and preliminary idea was done for a detailed
review and analysis of the literature that investigates this issue. Research is based on
determining the transmission of rotatingmovement from thewelding positioner to the
winch drum. The rotatingmovement is conducted by friction between rubber covered
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wheel and metal workpiece. In the paper is presented two solutions: conventional
and new one. Both are analyzed from friction forces aspects. The paper concludes
with their comparative analyses and future direction of research in this field.

54.2 Conceptual Design of Rotation Welding Positioner

The costs is a very important aspect in implementation of any automated systems
into the manufacturing process. Due to this statement, the design of the production
items should be analysed before the automation step in production is even considered.
This paper is related to automation process of drums production for ship winches in
factory RAPP Zastava. The CAD model of the considered winch drum is shown in
Fig. 54.1.

These drums has a very strict quality control requirements, because they are the
main part of the winch. Usually, the drums are carrying very expensive equipment
for fishing, recording ocean life or for ocean research purposes. Due to given reasons
the productionmust be without any fault, especially in welding joints. The strict rules
in winch production justifies the certain level of automation process. The problem
is that, the Factory production line has a large number of different winches, which
leads to large number of winch drums for various purposes. The overriding of that
problem is a modular welding automation equipment.

At market there are numerous solutions for welding automation process. One of
the solutions, called welding rotary positioner or turning rolls, is shown in Fig. 54.2.
The shown solution is realized by two electric gear motors for the workpiece driving
andonemotorwith screw shaft for positioning in order to receive variety ofworkpiece
dimensions. The principle of operation of the electric motor which drives workpieces
requires ensuring of movement synchronization. A movement synchronization with
enabling of rotating speed variation is a serious theoretical and practical problem.

The movement problem with two driving units becomes even harder when the
movement is transmitted by friction. One of the problems of providing synchronized
movement is the possible difference of phases of propulsion motors. The described

Fig. 54.1 Drum of the ship
winch
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Fig. 54.2 Rotating
positioner [14]

problems lead to the significant cost increase in building and purchasing devices
which is given in Fig. 54.2. The more acceptable solution can be that driving unit
should be powered with one single gear motor. The concept of the presented idea is
given in Fig. 54.3.

All partial functions of the presented conceptual solution executes the main func-
tion which is achieving of almost constant rotation speed of the workpiece which
is winch drum. The presented idea of welding positioner consists of machine parts,
sub-assemblies, subgroups and groups linked to a functional unit. A pair of flex-
ible coupling with shaft transmits the torque and power from the engine and one
power wheel another power wheel which would be behind the shown projection in
Fig. 54.3. Driven wheels rotating function performed under the influence of rota-
tion of the winch drum. Frames design would rely frames which should be used as
distance pieces [6].

Fig. 54.3 New conceptual
design of the welding rotary
positioner
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54.3 Analysis of Transmission Forces on Conventional
Concept

The conventional welding positioner has equal, or almost equal friction forces in
the contact of the drum pipe and driving units. The force analysis for conventional
welding positioner is shown in Fig. 54.4.

The Fig. 54.4 shows workpiece position variation as well. The normal forces
N1 and N2 are equal because the conventional positioner is a symmetric solution.
Solving the equations for normal forces is given by expressions (54.1):

N1 = N2 = mg

2 cosϕ + μ1 cos(90◦ − ϕ) + μ2 cos(90◦ − ϕ)

N1 = N2 = mg

2 cosϕ + sin ϕ(μ1 + μ2)
(54.1)

where are: N1 and N2 normal reaction forces (N),mworkpiece mass (kg),μ1 andμ1

friction coefficients between the workpiece and driving wheel 1 and 2 respectively.
Friction forces which are occurring on convectional welding positioner solution

are given as Eqs. (54.2) and (54.3):

Ft1 = Nμ1 (54.2)

Ft2 = Nμ2 (54.3)

where are: F t1 friction force on driving wheel 1 (N) and F t2 friction force on driving
wheel 2 (N).

The analysis of friction forces took into consideration specific example of the
winch drum with diameter D = 1000 mm and length l = 2000 mm, which loads the

Fig. 54.4 The friction
forces analysis for
conventional rotary welding
positioner concept
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Fig. 54.5 Results of friction
forces analysis for various
positions and friction
coefficients

pair of wheels shown in Fig. 54.4 with load ofmg= 50,000N. The different positions
must be used into considerations as well as different friction coefficients because of
the wear of driving wheels. The wheels theoretically should have a uniform wear,
which is not a case in practice. Figure 54.5 shows the diagram with different angle
(ϕ) and different pairs of friction coefficient.

The driving wheels are covered with rubber. Friction coefficient between rubber
and steel goes from μ = 0.58 to μ = 0.63, [15]. Figure 54.5 shows 3 pair of forces
with friction coefficients μ1 = 0.60 and μ2 = 0.60, μ1 = 0.6 and μ2 = 0.63 and μ1

= 0.58 and μ2 = 0.60.

54.4 Analysis of Transmission Forces on New Concept

The new concept of welding positioner has unequal, friction forces in the contact of
the drum pipe, driving unit and driven unit. The force analysis for the new concept of
welding positioner is shown in Fig. 54.6. The design is considered as planar problem
in a same manner as the conventional one is described in previous chapter. In this
case, the main task is the determination supports resistance and friction forces.

Figure 54.6 shows workpiece position variation related to the marked angles. The
normal forces N1 and N2 are unequal because the new positioner is not a symmetric
solution. Solution of the equations for normal forces is given by expressions (54.4)–
(54.7):

N2 = N1
μ1 cosϕ1 − cos(90◦ − ϕ1)

μ2 cosϕ2 − cos(90◦ − ϕ2)
(54.4)

μ1 cosϕ1 − cos(90◦ − ϕ1)

μ2 cosϕ2 − cos(90◦ − ϕ2)
= k (54.5)

N1 = mg

kμ2 sin ϕ2 + k sin(90◦ − ϕ2)
+ mg

μ1 sin ϕ1 + sin(90◦ − ϕ2)
(54.6)
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Fig. 54.6 The friction forces
analysis for new concept of
rotary welding positioner

N2 = N1k (54.7)

where are: N1 and N2 normal reaction forces (N), m workpiece mass (kg), μ1 and
μ1 friction coefficients between the workpiece and driving wheel 1 and 2 respec-
tively and k is unitless coefficient introduced for easier equation manipulation and
simulation.

The problem is solved by introducing the normal force reaction on wheels N1 and
N2, in the same way like it is done for conventional design concept. The analyses is
based on the effect of the friction forces that appear between the drum and wheels.
The friction coefficient for driving wheel has a value μ2 = 0.60, and the value of
coefficient of rolling frictionbetween thedrivenwheels anddrumsμ1 =0.05, because
it is unloaded and it serves just to hold the workpiece in process of welding [6]. The
friction forces are calculated with same expressions as on conventional concept. The
expressions for friction forces are given by (54.8) and (54.9):

Ft1 = N1μ1 (54.8)

Ft2 = N2μ2 (54.9)

The force intensity in dependence of angle changes, i.e. depending on the position
of the drum, and with the same diameter and weight of the drum, is calculated given
in Table 54.1.

Based on analysis of obtained values of the normal forces and frictional force
from Table 54.1, it can be noted that for settings in any position, the highest load has
a force N2, i.e. maximum load is on the drive wheel. Based on comparative analysis
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Table 54.1 Force intensity in dependence of angle changes [6]

ϕ1 ϕ2 N1 (kN) N2 (kN) F t1 (kN) F t2 (kN)

82 38 6.03 41.41 0.30 24.85

80 39 6.88 41.16 0.34 24.70

78 40 7.75 40.88 0.39 24.53

76 41 8.61 40.55 0.43 24.33

74 42 9.48 40.19 0.47 24.11

72 43 10.35 39.79 0.52 23.87

70 44 11.22 39.35 0.56 23.61

68 45 12.11 38.87 0.61 23.32

66 46 12.99 38.35 0.65 23.01

65 47 13.83 38.01 0.69 22.80

calculation, as well as most of the calculation that are not shown in this paper,
dependence of driving force (friction force) in the function of the drum position is
established, i.e. dependence of angles ϕ1 and ϕ2. This dependency of the complex
form F t2 = f (ϕ1,ϕ2) is shown as three-dimensional diagram in Fig. 54.7.

It can be noted from Fig. 54.7 that the function reaches a very high values of the
force intensity around angles ϕ1 and ϕ2 which are close to 90°. It is obvious that this
is a so-called wedge effect, which occurs at extremely high intensity of tangential
force. Ostensibly, this “extreme function” can be good solution from the driving

Fig. 54.7 Friction force diagram for driving wheel in dependence of position angles [6]
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forces aspect. However, this maximum force can cause unallowable stress on vital
welding positioner parts. For the explained reason, the authors find that the angles
of ϕ1 and ϕ2 should be chosen in a range with much lower values, with which will
not cause intensive wear and stability of device will be kept.

54.5 Conclusion

From the literature sources related to the considered problem, it can be concluded
that the area of presented research is very complex. This paper presents two concepts
of welding positioners. First one is the conventional and it can be purchased on
market. Second one is developed in order to improve the winch drum manufacturing
process by introducing the new approach to this problem. Theoretical considerations
was made before the design is fully developed. The proposed solution does not
require synchronization device for movement of two drive motors, which have the
conventional one. The introduction of new design of welding positioner into the
production process has many advantages as follows:

• Improving the quality ofwelded joints is achieved thereby enabling semiautomatic
welding. During rotation of the positioner, rotation is continuous and it is not
conditioned by equal wear of the driving wheels as on the conventional positioner.
This is achieved by selecting one wheel per plane to be a driving one.

• Friction force in new concept is increased by 44%, which ensures that rotating
will be smooth and constant.

• For the first concept reaction forces are equal, while at new concept reaction force
on driving wheel is multiple times bigger than reaction on the driven wheel.

• Reduced the preparatory time during welding. This is the same in both concepts.
• Increase in profit resulting from reduced preparation time. Plus in profit for the

new concept is that new concept is significantly lower in price.
• Technical features of the device are such that it is possible to perform the procedure

on the positioner gas cutting, aswell aswelding. This is the same for both concepts.

The conventional concept has only one advantage related to the new concept.
That advantage is a bit easer usage in term when different drum size is inserted
on positioner. This is negligible when the series of similar drums is performed, but
it can be a problem if the different sizes are required during a single day. A very
important advantage of this design is that the new concept of welding positioner
can be made with a lot of low cost elements. With closer look at new design, it can
be noted that new design do not require a particularly high accuracy and precision
manufacturing. It was tended to meet function during design of device, to be easy for
manufacture, to be easy for manipulation, to have lowest cost possible and to satisfy
safety requirements.
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The next step of this research will be manufacturing and practical testing of the
new device concept. The device prototype is planned to be with much smaller scale
than it is described in this paper and it will be used just to proving the presented
concept.
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Chapter 55
Wear Analysis of IC Engine Crankshaft
Bearings Depending on the Connecting
Rod Length

Nebojša Nikolić , Jovan Dorić , and Dalibor Feher

Abstract Considering the crankshaft of an internal combustion (IC) engine to be
one of themost loaded components, forces acting on its bearings are very important to
be known. Gas forces dominantly affect load of the bearings but inertia forces are not
negligible, too. Influence of the connecting rod length on wear of the crankshaft main
bearings is studied and analyzed in this paper. To that end, a previously developed
computer software was used for theoretical wear diagrams of all main bearings to
be obtained. The procedure has been conducted on a six-cylinder engine, for two
different values of the connecting rod length. Based on the obtained results a short
analysis has been done in order for some general conclusions to be reached.

Keywords IC engine · Crankshaft bearings ·Wear · Connecting rod length

55.1 Introduction

In majority of internal combustion engines, forces acting between a crankshaft and
its bearings are the most influential factor considering wear of the bearings. The
wear phenomenon is very difficult to understand and describe, especially if all the
influencing factors (the geometry and temperature of the contact, the physical and
chemical properties of the contact materials and so on) are to be taken into account.

Recently,many papers have been published that show the great importance ofwear
in mechanical systems [1–6]. In these papers [1–6], the authors developed models
for the wear depth calculation, in order to predict the dimensions of the worn-out
surface after a period of time or after a number of operating cycles. However, when
it comes to the IC engine crankshaft bearings, it is not so important to predict the
depth of worn-out material, but to recognize most jeopardized bearings in terms of
wear. Also, it is important to find the area on the bearing surface that is most exposed
to wear. For that reason, Nikolic et al. [7] proposed an algorithm for constructing
a theoretical wear diagram, which can be used to find the bearing of a crankshaft
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and the area on the bearing surface that are most exposed to wear. The theoretical
wear diagram is named after its shape that looks like a profile of a worn-out bearing
[8]. The algorithm is based on the assumption that the journal-bearing contact is
not lubricated. This assumption is valid to the theoretical case, when journal and
bearing are in direct contact, but it can also refer to the critical operating modes of IC
engines, when lubrication is missing or insufficient. During the research described in
reference [7], a computer software named “Wear Diagrams” was developed, which
enables the theoretical wear diagrams of all the crankshaft bearings of an engine
to be generated automatically, for given input data. The possibilities offered by this
software have been used to investigate how the connecting rod length affects the wear
of the crankshaft bearings, and the results of the research are shown in this paper.

55.2 A Model of Bearing Wear Calculation

The software named “Wear Diagrams” is an upgrade of the previously developed
“Polar Diagrams” software, and the two are presented in references [9] and [10]. The
“Wear Diagrams” software is based on the procedure for constructing theoretical
wear diagrams of IC engine main bearings, which is described in reference [7]. An
interested reader can there find a detailed presentation of the developed algorithm and
a complete mathematical model as well. According to the model, a crankshaft was
considered to be a statically indeterminate beam. Furthermore, the load distribution
on the journal-bearing contact surface was assumed to be elliptical.

Figure 55.1 shows a simplified drawing of the crankshaft of an IC engine with (n
+ 1) main bearings and the forces acting on them. The OXY coordinate system is
stationary and the OX1Y1 coordinate system rotates together with the crankshaft at
an angular velocity ω. The position of the OX1Y1 in relation to the OXY coordinate
system is defined by the angle ϕ. All the forces in Fig. 55.1 depend on that angle.

Fci (i = 1, . . . , n) denotes the force originating from the crank “i”, the action
of which is distributed to all the main bearings and not only to the adjacent ones.
This force is calculated taking into account the gas and inertia forces, which are
dominant in comparison to all the other forces acting in the crank train. Gas forces
can be determined either by measuring the pressure in the combustion chamber or by
mathematical modelling using one of the known methods. Inertia forces are easily
determined using Newton’s second law ofmotion, assuming that the angular velocity
of the crankshaft is constant. Hence, the forces Fci can be treated as input data.

Reference [7] shows that each force Fb j (φ) acting on the main bearing b j (j =
1,…, n + 1) can be decomposed into the X and Y directions as follows:

FbX j (ϕ) = FbX1 j (ϕ) · cosϕ + FbY1 j (ϕ) · sin ϕ

FbY j (ϕ) = −FbX1 j (ϕ) · sin ϕ + FbY1 j (ϕ) · cosϕ (55.1)
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Fig. 55.1 Forces affecting the bearings of a crankshaft: a an isometric view and b a side view

where FbX1 j and FbY1 j are the components of the force Fb j (ϕ) in X1 and Y1
directions:

FbX1 j (ϕ) =
n∑

i=1

(−ρi, j · Fcradi (ϕi ) · sinψi + ρi, j · Fctani (ϕi ) · cosψi
)

FbY1 j (ϕ) =
n∑

i=1

(
ρi, j · Fcradi (ϕi ) · cosψi + ρi, j · Fctani (ϕi ) · sinψi

)
(55.2)

Fcradi and Fctani represent the radial and tangential components of the crank
force Fci , ρi, j are the influence coefficients [7], ψk is the counterclockwise angle
between cranks c1 and ck (Fig. 55.1b) and ϕi is the angle defining the position of
crank ci with respect to the beginning of a corresponding engine cycle. Taking into
account that the engine cycle in cylinder i advances by an angle θi in relation to the
engine cycle in cylinder 1, the following relation between the angles ϕi and ϕ applies:
ϕi = ϕ+ θi . The force Fb j (ϕ), defined by Eq. (55.1), is transferred from the journal
to the bearing, bringing these two elements into contact, as shown in Fig. 55.2.
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Fig. 55.2 Geometry of the
journal-bearing contact: a an
axial view and b a side view

The pressure distribution on the contact surface is assumed to be elliptical [7]:

p(β) = pmax ·
(
1−

(
β

βc

)2
)1/2

(55.3)

where pmax is the maximum pressure on the contact surface and depends on the load,
contact geometry and properties of the materials in contact [7]:

pmax = 0.55 · Fb

L · Rb ·
(

1

βc
+ 0.35

)
(55.4)

Assuming that the bearing wear is proportional to the pressure p(β) and looping
the variable ϕ from the beginning to the end of the engine cycle, it is possible to
calculate the cumulative conditional wear depth �R as a dimensionless quantity,
which is described in reference [7]. Based on that calculation, the computer soft-
ware “Wear Diagrams” was developed, which was used in this research. A detailed
description of the software is given in reference [9] and its user interface is shown
here just for illustration (Fig. 55.3).

55.3 Results and Discussion

To determine whether the connecting rod length L affects wear of the crankshaft
bearings, the theoretical wear diagrams were generated taking two extreme values
of the connecting rod length. The values were chosen so that the connecting rod
ratio was close to the lower and upper limits of the recommended range (0.22 and
0.33). This means that the values of 238 and 159 mm were taken for the maximum
and the minimum length of the connecting rod, respectively. Having in mind all the
above-mentioned, a total of 14 theoretical wear diagramswere obtained (7 crankshaft
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Fig. 55.3 User interface of the “wear diagrams” software

bearings multiplied by two connecting rod lengths chosen). Taking into account the
symmetry of the crankshaft, the wear diagrams of the bearings 1 and 7 are almost
identical, which also applies for the following pairs of bearings: 2–6 and 3–5. For that
reason, only the wear diagrams for the bearings 1, 2, 3 and 4 are shown in Figs. 55.4,
55.5, 55.6 and 55.7, respectively.

Observing the pairs of diagrams in Figs. 55.4, 55.5, 55.6 and 55.7, one can
conclude that there is no significant influence of the connecting rod length on thewear
profile of the main crankshaft bearings. Namely, when the length of the connecting
rod is changed, the wear profiles of the main bearings remain almost unchanged,
with the exception of some small differences in wear intensity. The wear intensity
is expressed by the dimensionless quantity �R named cumulative conditional wear
depth, as mentioned earlier. In Figs. 55.4, 55.5, 55.6 and 55.7 the maximum and the
minimum values of �R are denoted with red and green colors, respectively.

Table 55.1 shows themaximumvalues of�R and the anglesα(�Rmax) that define
the location on the bearing surface where �R reaches its maximum. The differences
of maximum wear intensities at the two considered cases, expressed as a percentage,
are also given in Table 55.1. It can be noticed that the use of a shorter connecting
rod leads to a reduction in the maximum wear depth to some extent (between 2 and
9%). This reduction can be considered as small, given that two extreme cases have
been observed. It is interesting that connecting rod shortening has the least impact
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Fig. 55.4 Wear diagrams of the bearing 1: a at L = 238 mm and b at L = 159 mm

Fig. 55.5 Wear diagrams of the bearing 2: a at L = 238 mm and b at L = 159 mm

on the maximum wear depth of the most loaded bearings. However, this cannot
be considered a general rule before a research is conducted on a larger sample of
engines.

55.4 Conclusion

The main contribution of the paper is that it presents an investigation of how the
connecting rod length affects the wear of the main crankshaft bearings. As far as
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Fig. 55.6 Wear diagrams of the bearing 3: a at L = 238 mm and b at L = 159 mm

Fig. 55.7 Wear diagrams of the bearing 4: a at L = 238 mm and b at L = 159 mm

the authors are aware, such a research is not published in the available literature, or
at least it is not conducted in this way, automatically, using the software developed
by authors themselves. It is known that the connecting rod length has an influence
on the wear of the piston-cylinder assembly of an IC engine. However, the question
arises, whether the change in length of the connecting rod affects thewear of themain
crankshaft bearings. To answer this question, a study was conducted on a 6-cylinder
engine, which is described in this paper. It has been shown that by changing the
connecting rod length, the wear profiles of the crankshaft bearings change almost
negligibly. Also, it was noticed that shortening of the connecting rod leads to a
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Table 55.1 Connecting rod length influence on maximum wear intensity of main bearings

Bearing L = 238 mm L = 159 mm Difference in ΔRmax (%)

A (ΔRmax) (°) ΔRmax (–) α(ΔRmax) (°) ΔRmax (–)

Bearing 1 278 491 303 464 5,50

Bearing 2 278 1372 279 1337 2,55

Bearing 3 278 1248 279 1216 2,56

Bearing 4 278 1008 278 917 9,03

Bearing 5 278 1237 280 1203 2,75

Bearing 6 277 1381 280 1346 2,53

Bearing 7 282 391 289 368 5,88

reduction of the maximum wear depth of the bearings. However, this impact can be
considered small, given that two extreme cases of the connecting rod length have
been observed. In order to reach more general conclusions, a similar research should
be conducted on a larger sample of engines.
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Chapter 56
Application of Techniques and Systems
for Additive Manufacturing in Rapid
Tooling

Marko Popovic, Vesna Mandic, and Marko Delic

Abstract The paper presents the integrated application of additive manufacturing
and reverse engineering technologies for the rapid tooling for two-component plastic
casting, as a faster and cheaper approach than injection moulding, particularly for
small-scale production of plastic parts or spare parts whenCADmodels and technical
documentation are not available. An optical scanner based on white structured light
was used for 3D digitalization of the selected plastic gas handle. Based on point
cloud, a master CAD model was prepared for the design of casting tool cavities.
The design of the master model was verified through its additive manufacturing
using FDM technology. After repeated 3D digitization of the printed master model
and comparison with the original part, the master CAD model was redesigned. The
process of two-component casting in tools obtained by additive FDMmanufacturing
was realized successfully and verified by comparing the cast and original gas handle.

Keywords Rapid tooling · Additive manufacturing · FDM · 3D digitalization ·
Two-component plastic casting

56.1 Introduction

The integration of virtual engineering (VE) technologies is the best support for
concurrent engineering approach because they can be of great use to engineers in
making decisions and establishing control over the product development process
and its production. Although they belong to relatively new technologies, they are
characterized by a large number of advantages, but the key ones are reflected in the
reduction of time and costs of product development [1]. One of the most significant
VE technologies is additive manufacturing (AM) which is defined as the process
of 3D fabrication of a part directly from a CAD model, usually layer by layer, as
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opposed to the method of subtractive manufacturing. AM technologies have been
developed to such an extent that, in addition to rapid prototyping (RP), they also
enable rapid tooling (RT). Tools made in this way enable effective application for
the small-scale production of products or spare parts, especially in situations where
the production of tools by conventional procedures would be extremely expensive
[2].

Today, a lot of papers can be found in the literature, which through practical
examples show the advantages of applying additive production technologies for
fast tool making. 3D RP technology was applied to make a master model of the
implant, which was later used to form a silicone rubber mold for vacuum casting
[3]. Also, authors showed that the RT technology can be used very successfully in
the process of precision casting of metal implants, where the tool manufacturing
time is significantly shorter, and the production costs are twice lower than conven-
tional methods. Len-Cabezas et al. [4] in their work used Stereolithography (SLA),
Selective Laser Sintering (SLS) and PolyJet technology to prototype plastic injection
moulding tools. The obtained tool prototypes have been successfully used for injec-
tion moulding in the production of small series using conventional polymeric mate-
rials such as polypropylene and ABS plastic [4]. The possibility of making tools for
two-component plastic casting with PolyJet additive technology is presented through
a practical example in [5], and it is noted that thismethod of production could become
an optimal solution for small batches if the main limiting factors related to the curing
process are overcome. Dongaonkar et al. [6] based on the results of 3D scanning
developed a 3D CADmodel which was used as input for rapid prototyping by Fused
Deposition Modelling (FDM) technology, and finally concluded that the obtained
prototype can be used as a master model for the casting process [6]. Four case studies
of the RT concept in casting technology were presented, where it was concluded that
Reverse Engineering (RE) supported by 3D digitization enables faster metrological
control of shape and geometry, by calculating deviations between CAD models and
3D scanning results, i.e. the obtained cloud points [7]. Also, the integration of RE,
RT and CAE (Computer Aided Engineering) technology can reduce delivery time
and associated costs in the industry which contributes to the improvement of the
competitive position in the market. The case study presented in [8] demonstrates the
advantages and possibilities of integration of VE technologies. It has been shown
that the application of VE technologies can successfully realize different phases of
the product life cycle, while achieving savings in terms of time and costs of product
development.

The aim of this paper is the application of additive production techniques and
systems for rapid prototyping of master model and rapid tooling for two-component
plastic casting. For the production of tools for two-component casting of the selected
part (plastic gas handle), FDM technologywas applied. In order to obtain tool cavities
that correspond to the geometry of the handle, it was necessary to perform its 3D
scanning to obtain point cloud fromwhich a 3Dmaster CADmodel wasmodelled. In
the end, the procedure of two-component casting using produced tools was realized.
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56.2 Design of Tools for Two-Component Plastic Casting

For the additivemanufacturing of tools for two-component casting of the selected part
of the gas handle, shown in Fig. 56.1a, the reverse engineering procedure was applied
to obtain a 3D CADmodel of the handle. The first phase of reverse engineering is 3D
digitization, i.e. the digital transformation of the collected data on the coordinates
of points from the surface of the scanned object. The precision of 3D digitization is
very important in the process of reverse engineering because it directly affects the
quality of the resulting CAD model [9]. The accuracy of the applied David SLS-2
3D scanner is 0.1% of the scan size, or 0.06 mm. It takes a few seconds to get one
scan, giving more than 1,200,000 points.

Adequate object preparation is necessary for successful 3D scanning using optical
methods. Reflection can negatively affect the quality of the obtained results, so a thin
layer of matting spray is applied to the scanning object as in Fig. 56.1b. Before
scanning the object, the David SLS-2 3D scanner was calibrated in order to precisely
collect point cloud data. The scanning object, just before the start of point cloud
data collection, is shown in Fig. 56.1c. Figure 56.2a shows one scan of the handle
in the scanner software editor. To get the entire point cloud, it was necessary to scan
the object in different positions and views. The position of the lever was changed by
manual manipulation, taking into account that the obtained scans must have common
areas due to their correct positioning and interconnection.Anoverviewof all obtained
scans is given in Fig. 56.2b [10].

All noises and objects from the handle environment that weremistakenly “caught”
during the scanning process, had to be removed so as not to impair the quality of

Fig. 56.1 a Gas handle, b matting gas handle and c 3D scanning of the handle

Fig. 56.2 Software processing of the obtained 3D scan results
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the 3D CAD modelling. The Fusion option in 3D scanner software was used with
set values for resolution and sharpness to merge all scans and form a closed CAD
and STL model of the handle. By Checking the Close Holes option small holes on
the resulting model was closed. The final appearance of the handle point cloud, after
eliminating the noises and merging all the necessary scans, is shown in Fig. 56.2c
[10].

All noises and objects from the handle environment that weremistakenly “caught”
during the scanning process, had to be removed so as not to impair the quality of
the 3D CAD modelling. The Fusion option in 3D scanner software was used with
set values for resolution and sharpness to merge all scans and form a closed CAD
and STL model of the handle. By Checking the Close Holes option small holes on
the resulting model was closed. The final appearance of the handle point cloud, after
eliminating the noises and merging all the necessary scans, is shown in Fig. 56.2c
[10].

Due to the observed irregularities, whichwere caused by the inability of the optical
scanner to “see” inaccessible areas and very small details, certain corrections of the
3D model were made in the CATIA software, so that the digital model had precise
dimensions and closed shape. Figure 56.3a shows the observed shortcomings on
the STL model of the handle, and the corrections included the reconstruction of the
cylindrical supports (1), the gap between the supports and the limiter (2) and the
wedge (3). Prior to the model reconstruction process, the point cloud was imported
into the CATIA software using theDigitalized Shape Editormodule. After importing
the point cloud, the surface reconstruction was performed by a combination of the
Quick Surface Reconstruction and the Generative Shape Design modules, using a
number of useful tools. Reconstruction of critical areas, and then chamfering of edges
and creation of curvature radii was performed in the module Part Design. Using the
measuring equipment, the dimensions of the critical areas of the original handle were
checked, as well as their position. The CADmodel of the handle after reconstruction
is shown in Fig. 56.3b.

To verify the accuracy of the geometry of the 3D CAD model of the gas handle
to be used as a master model for the production of two-component casting tools,
3D additive manufacturing was performed on a MarkForged Onyx Pro 3D printer
using FDM technology. Before starting the additive manufacturing process, it was
necessary to set up the 3D printer, i.e. to level the printing table, which is shown in
Fig. 56.4a. The STLmodel of the gas handle (Fig. 56.4b) was imported into theEiger

Fig. 56.3 a Observed irregularities on STL model and b CAD model after reconstruction
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Fig. 56.4 Stages of AM process: a 3D printer setup, b STL model, c printed master model

virtual software library. After positioning the model on the table, the parameters of
the additive manufacturing process were set. A value of 0.1 mm was selected for the
Layer Height, and then the Use Supports option was activated. Onyx was chosen as
the basematerial, with the Solid Fill option for filling themodel with plastic filament.
The reinforcement material was Fiberglass, applied with Concentric Fiber and All
Walls options for 2 concentric reinforcements along all model walls.

After the completion of the additive manufacturing process of the master model,
the table was removed from the 3D printer, and the printed handle from the table with
increased caution in order not to damage the master model. The last step involved
the removal of the support material, as well as the subsequent treatment of the model
surfaces in order to remove traces of the support material and the “step effect” on
the sloping surfaces. The final appearance of the master model of the handle after
removal of the support material and surface treatment is shown in Fig. 56.4c.

In order to finally check the accuracy of the master model, a 3D scanning of
the printed master model was performed. The point cloud (STL) thus obtained was
compared with the point cloud obtained by 3D scanning of the original handle, using
Geomagic Studio software. In Fig. 56.5 a comparison of the printed master model
of the handle and the reconstructed CAD model is shown. It can be noticed that the
deviation values of the master model in relation to the CAD model mostly range
from −0.061 until +0.061 (green fields), which is considered to be extremely good
results. However, higher values of deviations in the range of−0.254÷ 0.254 can be
also considered acceptable since they are primarily a consequence of the subsequent
manual processing of the surfaces of the printed handle and the rest of the support
material.

Fig. 56.5 Comparison of the master model obtained by additive manufacturing and CAD model
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Fig. 56.6 a Splitting plane and b 3D assembly of two-component casting tool

The two-component casting tool design process included the following steps:

• determination of the split line,
• determination of overall dimensions of mold plates,
• modelling of mold cavities,
• modelling of guides, and
• selection of the appropriate location and shape of inflow channel and air vents,

and their modelling.

The two-component casting tool was modelled in CATIA software. After deter-
mining the split line, a complex splitting plane was designed as shown in Fig. 56.6a.
A very important step in modelling the tool was to emboss the CAD model, i.e. the
geometry of the master model of the handle into the upper and lower mold plate,
after which the obtained mold cavities corresponding to the geometry of the plastic
casting of the handle.

The choice of the position and shape of the inflow channel is important for the
casting process. An inflow channel of elliptical cross-section measuring 6× 4.2 mm
was chosen. In addition, at the very top of the upper mold, the channel is conically
widened to facilitate the casting of liquid material into the tool.

Four guide holes, 10 mm in diameter and 10 mm deep, were modelled on the
lower mold. The holes are conical in shape with a slope of 3° for easier separation
of mold plates. The guides modelled on the upper mold, 10 mm in diameter and
9.5 mm high, are conical in shape with the same slope. The distance between the
axes of the guide elements and the contour edges of the tool is 10 mm. The design
of the upper mold also included technological openings for air in the locations of the
bearing roller and in the most remote zones of the casting. The 3D assembly of the
casting tool is shown in Fig. 56.6b.
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Fig. 56.7 a Casting molds during its additive manufacturing, b after removing and c final

56.3 Additive Manufacturing of the Tool
for Two-Component Plastic Casting

Additive manufacturing of molds for two-component casting of the handle was
performed on a 3D printer MarkForged Onyx Pro. The manufacturing process
included all phases as in the manufacturing of master model of the handle by FDM
technology. The basic material is Onyx, but unlike the printing of the master model,
no fiberglass reinforcement was applied, as well as the complete filling of the tool
prototypewith plastic filament. TheTriangularFill optionwas chosen,which enables
the creation of a ribbed structure inside the printedmoldswhose volume is 37%of the
total volume. In order to obtain the finest possible tool surfaces, a layer thickness of
0.1 mmwas chosen. According to the Eiger software estimation, it took 16 h 38 min,
103.98 cm3 of Onyx material to make the gas handle molds, and the estimated cost
of the material in the US is 24.57$.

The MarkForged 3D printer has the ability to print multiple parts on a table, so
both molds are printed at the same time, as shown in Fig. 56.7a. The appearance
of the two-component casting tool after the completion of the AM process and the
removal of the printing table from the printer is shown in Fig. 56.7b. After removing
the support material, manually treating the sloping surfaces and checking the gap in
the split plane, the tool was ready for casting (Fig. 56.7c).

56.4 Two-Component Plastic Part Casting Process

The tool made by additive manufacturing technology was used during the realization
of the two-component casting process, consisting of several main steps.

The first step was the preparation of the casting molds. It was necessary to inspect
the molds in detail and remove all impurities that could cause various defects on
the obtained castings. After that, a thin layer of separating material was applied on
mould surfaces which will come into contact with the casting material, in order to
facilitate the process of removing the casting from the tool.

The material used in the two-component casting process was NEUKADUR AF
Neu blue, i.e. the so-called surface resin. Themain feature of thismaterial is that it has



564 M. Popovic et al.

Fig. 56.8 a Injection of resin into the inflow channel, b appearance of the casting after separation
of the upper and lower molds and c appearance of the casting after removal from the tool

great hardness and abrasion resistance. It is also characterized by improved resistance
to chemicals and heat by using BWS hardeners. The casting resin was mixed with
10% of BWS hardener to give a total of 22 ml of a homogenized two-component
mixture. In the next step, the mixture was injected through a inflow channel system
made in the uppermold, as shown in Fig. 56.8a. After the completion of the hardening
process of the mixture in the tool, which lasted about 18 h, the upper and lower molds
were separated (Fig. 56.8b). The appearance of the casting, gas handle, after removal
from the molds is shown in Fig. 56.8c.

56.5 Conclusions

Due to the significant advantages that characterize it, the AM technology is increas-
ingly used, both for the rapid prototyping, and for the rapid tooling. Reverse engi-
neering, which is defined as the opposite process to the classical process of designing
andmodellingof product components and tools, canbeveryuseful in situationswhere
there are no technical drawings, documentation or CADmodels, because a 3D CAD
model can be created based on 3D scanning and point cloud data.

Two-component casting in tools made by additive manufacturing process, as an
alternative technology to injection molding, offers high quality plastic products with
minimal costs and minimal production time, so it is suitable for small series and
production of spare parts. Also, this can be useful for making functional parts that
do not have excessive operating loads and special aesthetic requirements. With the
application of the described methodology in the work, a plastic casting was obtained
which dimensionally and functionally corresponds to the original part of the handle,
so it can be used for installation in a functional assembly.

To obtain more precise parts for complex assemblies, it is necessary to apply
the presented AM methodology by PolyJet technology of printing, which enables
obtaining smooth surfaces of mold cavity. Optimization of the position and number
of air vents can be achieved by subsequently making vents on existing printed molds.
As a subject of future research, the behaviors of different casting materials in a mold
made with FDM technology can be examined. This would help in choosing the most
suitable mixtures of materials for performing the casting process in such molds.
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Chapter 57
L-CaPaMan Design and Performance
Analysis

Alexander Titov and Marco Ceccarelli

Abstract This paper presents a solution for low-cost lightweight design of L-
CaPaMan by using market components and 3D printing manufactured parts. The
aim of this new solution is to provide a parallel manipulator prototype for research
and formation activities, such as for performance evaluation and education of parallel
manipulators. The proposedCADdesign is used in dynamic simulationwhose results
are discussed in terms of advantages and limitations of the designed solution.

Keywords Robotics · Parallel manipulators · Performance analysis · Simulation ·
CaPaMan

57.1 Introduction

Parallel manipulators are closed-loop mechanisms whose moving platform
connected to the base by several independent kinematic chains [1, 2]. Ability of
reaching high accelerations and high accuracy in positioning defines its applications
in wide variety of fields, such as manufacturing and additive technology [3], geology
(earthquake simulations [4]), surgery (assistant systems [5]), aerospace (flight simu-
lators [6], telescope positioning [7]) and the other fields. The first design of CaPaMan
with a prototypewas reported in 1997 [4]. The improvements in prototypeswere diffi-
cult and expensive in manufacturing, as reported in [8]. A 3D printed prototype has
partially solved the problem with low-cost components [8]. This paper describes
the results of CaPaMan design improvements. The prismatic joint has been replaced
with a novel mechanism solution. The motion has been represented and verified in
CAD simulation and checked on a 3D printed model, whose results are discussed
for a performance characterization.
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57.2 Problems and Requirements

The first generation of CaPaMan, as shown in Fig. 57.1a, has translational joints in
its structure [4], and the following improvements [8], as shown in Fig. 57.1b, keep
this scheme of the parallel mechanism.

The translational joint had been designed by using manufactured commercial
prismatic parts. The disadvantage of this solution is the contact area between parts of
a joint is large, so that friction and resistance forces can give negative effects to the
mechanism motion. Referring to Fig. 57.1, the following problems can be identified:
high cost of parts manufacturing (cutting from metal blank); large weight; friction
in a prismatic joint (large area of the contact). Requirements for a new design are
summarized in the Fig. 57.2.

Fig. 57.1 CaPaMan prototypes: a original design in 1997 [4] and b 3D printed solution in 2017
[8]

Fig. 57.2 Requirements for a new solution of L-CaPaMan design
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57.3 A CAD Design

In the new solution prismatic joint has been replacedwith awheel-based construction.
PLA plastic has been used for 3D printing of the structure part. The scheme of
mechanism is shown in Fig. 57.3a, and the dimensions are listed in the Table 57.1.
Dimensions of the fixed platform in Table 57.1 are a × b, T1i is a torque of the
motor, lki (k is a number of the part, i is a manipulator leg number) are dimensions
of the links. The CAD design scheme of a new L-CaPaMan solution is presented in
Fig. 57.3b.

The translational link with two moving parts in a prismatic joint has been
redesigned as 3D printed bodies equipped by market ball bearings, as shown in
Fig. 57.4. To avoid unexpected movements, a suitable surface complicated-form
road has been designed with bearing roads, as in Fig. 57.4b. Three points of contact
are used in the translational part to ensure stability of motion.

The design of a construction allows changing the dimensions of parts without
rebuilding other components. The mechanical design is developed with a tolerance
of 0.1 mm among the moving parts.

Fig. 57.3 A design scheme of L-CaPaMan solution: a a scheme and b a CAD design

Table 57.1 Design parameters of prototype in Fig. 57.3

a × b l1i l2i l4i l5i l6i l7i lGHi

mm 200 × 200 70 60 25 90 70 50 60
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Fig. 57.4 The new prismatic joint in Fig. 57.4: a a scheme, b a mechanical design, c a CAD design

57.4 Performance Analysis via Simulation

The model in Fig. 57.3b has been simulated in Autodesk Inventor (Educational
Version) [9] with the scheme of a leg in Figs. 57.3 and 57.4. The wheels are indicated
in Fig. 57.3c. An input torque with maximum value T1i = 500 Nmmhas been applied
to link l1i of each leg in the form, Fig. 57.5.

T (t) = T1i sin(0.5t) (57.1)

Simultaneous legmovement is given in the CADmodel, while torques are applied
to each leg. Reaction forces, angular velocities and accelerations of the translational
joint link and platform have been computed as results of the simulation. Figures 57.6,
57.7, 57.8 and 57.9 show the behavior of L-CaPaMan with numerical results listed
in Table 57.2.

Movements of point H have been computed during simulation in terms of the
displacements in Fig. 57.6, and accelerations in Fig. 57.7. When leg is moved
by motor, this leg moves a translational joint on another leg. Thus, the platform
constraints all the legs as affecting each other. Reaction forces act on the joint by

Fig. 57.5 Input torque on leg cranks for a simulated operation
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Fig. 57.6 Computed results of the point H displacements along: a Z axis, b X and Y axis

angle 60°, causing high specific reaction forces on wheels. The largest values of
reaction forces act on wheel, which is on opposite side of motion of another leg. Due
to this, platform moves not only along Z direction, but also along X and Y.

The accelerations in Fig. 57.7 are computed with peaks of 800 m/s2. Rotations
of legs in a simulation are strongly constrained; when the leg reaches extreme angle
(±45°), the kick occurs, and in this moment, accelerations reach extremely high
level.

One of the disadvantages of the new construction has been detected during a
simulation in the fact that small surface of a contact makes the joint flexible and
gives oscillations when moving, so we have undesirable high reaction forces and
moments and high accelerations—vibrations in a joint. These negative effects can be
reduced by improving construction qualities of parts by reducing gaps. To improve
quality of a simulation friction in parts could also be added.
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Fig. 57.7 Computed results of the point H accelerations along: a Z axis, b X and Y axis

Fig. 57.8 Computed reaction forces in translation joint wheels of leg 1
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Fig. 57.9 Computed angular position of crank l11, degrees

Table 57.2 Computed reaction forces and torques for the wheels in the prismatic joint, Fig. 57.3

Wheel t1 (s) R1max (N) T1max (Nmm) t2 (s) R2max (N) T2max (Nmm)

Inner 0.15 266.1 1745.8 1.14 286.9 366.2

Outer 0.15 223.6 928.1 1.15 354.2 2555.7

Central 0.15 80.4 29.5 1.15 93.3 15.8

57.5 A Build Prototype

The prototype has been built and assembled for checking the results. MG996R servo
motors are used for moving legs, and signals for motion are generated by Arduino
Mega 2560 and Arduino Toolkit. The prototype is shown in Fig. 57.10.

Fig. 57.10 The L-CaPaMan
prototype at LARM2 in
Rome
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57.6 Conclusions

L-CaPaMan, a new version of CaPaMan has been designedwith low-cost lightweight
features. Prismatic joint has been fully redesigned and replaced with wheel construc-
tion. For reducing the cost of manufacturing, most of parts have been made by manu-
facturing by 3D printer. The model is designed and checked on Autodesk Inventor,
whose simulation results are discussed for a performance characterization. A proto-
type has been successfully assembled to validate the new design, and future work
will give experimental characterization.

References

1. Ceccarelli, M.: Fundamentals of Mechanics of Robotic Manipulation. Kluwer Academic
Publishers, Dordrecht (2004)

2. Tsai, L.W.: Robot Analysis: The Mechanics of Serial and Parallel Manipulators. Wiley, New-
York (1999)

3. Song, X., Pan, Y., Chen, Y.: Development of a low-cost parallel kinematic machine for
multidirectional additive manufacturing. J. Manuf. Sci. Eng. 137(2), 021005-1–021005-13
(2015)

4. Ceccarelli, M.: Historical development of CaPaMan, Cassino parallel manipulator. In: Viadero,
F., Ceccarelli, M. (eds.) NewTrends inMechanism andMachine Science.MMS, vol. 7, pp. 749–
757. Springer, Dordrecht (2013)

5. Saracino, A., Oude-Vrielink, T.J.C., Menciassi, A., Sinibaldi, E., Mylonas, G.P.: Haptic intra-
corporeal palpation using a cable-driven parallel robot: A user study. IEEE T. Bio.-Med. Eng.
67(12), 3452–3463 (2020)

6. Casas, S., Coma, I., Portales, C., Fernandez, M.: Optimization of 3-DOF parallel motion devices
for low-cost vehicle simulators. J. Adv. Mech. Des. Syst. 11(2), 17–23 (2017)

7. Jauregui, J.C., Hernandes, E.E., Ceccarelli, M., Lopez-Cajun, C., Garcıa, A.: Kinematic calibra-
tionof precise 6-DOFStewart platform-typepositioning systems for radio telescope applications.
Front. Mech. Eng. 8(3), 252–260 (2013)

8. Arslan, O., Karaahmet, S.B., Selvi, Ö., Cafolla, D., Ceccarelli, M.: Redesign and construction
of a low-cost CaPaMan prototype. In: Gasparetto, A., Ceccarelli, M. (eds.) Mechanism Design
for Robotics: MEDER 2018. MMS, vol. 66, pp. 158–165. Springer, Cham (2019)

9. Inventor user’s manual 2021, https://help.autodesk.com/view/INVNTOR/2021/ENU/. Last
accessed 2021/03/03

https://help.autodesk.com/view/INVNTOR/2021/ENU/


Chapter 58
Walking Robot with Modified Jansen
Linkage

Lucian Alexeev, Andreea Dobra, and Erwin Lovasz

Abstract The paper deals with a walking robot that has as legs a modified version of
the Jansen mechanism, four of them on each side. The proposed walking robot uses
two actuators for the driving cranks that move opposite pairs of legs. The modified
Jansen linkage has all the rotational joints on the mobile platform collinear and it
ensures a better linearity of the coupler point in contact with the ground, offering a
higher stability for the walking robot.

Keywords Jansen linkage · Legged walking robot · Kinematic analysis

58.1 Introduction

The legged walking robots are an important type of mobile robots, which are
increasingly being developed in last decades. The research topics aim to increase
the: stability of the mobile platform during the motion, movement on rough and
uneven terrain, omnidirectional movement, length and height of the step to climb
over obstacles, higher speed of motion and higher energetical efficiency to increase
the autonomy of the walking robot.

For this goal were developed several mechanism structures for the legs, for
example: pantograph 2D linkage [1–3], Mammal type leg [4], serial linkage [5,
6], 5-link belt mechanism [7] with 2 DOF mechanism and Klann linkage [8], Jansen
linkage [9], Strider linkage [10], etc. using 1 DOF mechanism.

The Jansen linkage created by Jansen [10] reproduces very well the movement
of a large terrestrial animal’s foot. Since 2007 many studies have been done on this
mechanism. Komoda et al. [11] proposes a parametric change from the precise circle
to the ellipses of additional cyclic motion that generate different locomotive orbits,
including upward movement, stepping in the same place and back. Nansai et al.
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[12] set a theoretical basis for further investigation, optimization and extension of
the Theo Jansen mechanism by analyzing the dynamics of a four-legged robot that
uses that mechanism. In [13] Pop et al. developed an experimental test bench in
order to analyze the trajectory shape described by Jansen linkage during a walking
sequence. Lovasz et al. [7] followed by Mohsenizadeh and Zhou [14] developed a
theoretical method for kinematic analysis using loop closing equations and simulated
in MathCAD [7] and MATLAB/SolidWorks [14]. Wang and Hou studied in [15] the
Jansen linkage with various changes in the position and dimensions of the elements.
The implementation of the Jansen mechanism in the realization of an eight-legged
stepping robot was studied by Vujošević et al. [16]. Chaterjee and Kanungo [17]
analyzed the robot’s movement by using the image processing method.

The paper propose a study of a modified Jansen linkages, where all the rotational
joints on the mobile platform of the walking robot are collinear.

58.2 Modified Jansen Linkage Used for Walking Robot

The Jansen linkage proposed by Theo Jansen is an 8-link planar mechanism
(Fig. 58.1) with 2 ternary and 6 binary links. The drive element is a crank (2),
which transmit the motion through 2 four bar linkage (A0ABB0 and A0AEB0) to the
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Fig. 58.1 Walking robot with opposite Jansen linkage legs
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rockers (4) and (6). The movement of the two cranks generates through a five bar
linkage (B0CDEB0) the path of the characteristic point M belonging to link (8).

The mathematical model for geometrical analysis was developed in [7] for a
whole walking cycle. The parametric coordinates of the characteristic point M were
established using the three closed loops equations:

{
xM(ϕ) = xB0 + l6 · cosψ2(ϕ) + l81 · cos(δ(ϕ) + β0)

yM(ϕ) = yB0 + l6 · sinψ2(ϕ) + l81 · sin(δ(ϕ) + β0)
(58.1)

where:

ψi (ϕ) = 2 · atan Bi (ϕ) − √
Ai (ϕ)2 + Bi (ϕ)2 − Ci (ϕ)2

Ai (ϕ) − Ci (ϕ)
(58.2)

A1(ϕ) = 2l4xB0 − 2l2l4 · cosϕ, B1(ϕ) = 2l4yB0 + 2l2l4 · sin ϕ

C1(ϕ) = x2B0 + y2B0 + l22 − l23 + l24 − 2l2xB0 · cosϕ − 2l2yB0 · sin ϕ

A2(ϕ) = 2l6xB0 − 2l2l6 · cosϕ, B2(ϕ) = 2l6yB0 + 2l2l6 · sin ϕ

C2(ϕ) = x2B0
+ y2B0

+ l22 − l25 + l26 − 2l2xB0 · cosϕ − 2l2yB0 · sin ϕ (58.3)

δ(ϕ) = 2 · atan B3(ϕ) − √
A3(ϕ)2 + B3(ϕ)2 − C3(ϕ)2

A3(ϕ) − C3(ϕ)
(58.4)

where:

A3(ϕ) = 2l6l8 · cosψ2(ϕ) − 2l41l8 · cos(ψ1(ϕ) + α0)

B3(ϕ) = −2l6l8 · sinψ2(ϕ) + 2l41l8 · sin(ψ1(ϕ) + α0)

C3(ϕ) = l241 + l26 − l27 + l28 + 2l6l41 · cos(ψ1(ϕ) + α0)

(58.5)

The walking robot using opposite modified Jansen linkage legs is shown in
Fig. 58.2. The modified Jansen linkage contains all rotation joints on the mobile
platform (A0, B0, B′

0) collinear and the length between them higher. As a result of
these changes, the other links will undergo dimensional changes in order to ensure a
better linearity of the coupler point M in contact with the ground.

In Table 58.1 are given the geometrical parameters for the Jansen linkage versus
the proposed modified Jansen linkage. For the two variants of Jansen linkage were
computed the full path of the coupler point M during a full cycle Fig. 58.3.

The analysis of the paths generated by Jansen and modified Jansen linkages are
presented in Table 58.2. The modified Jansen linkage shows a higher step height H,
but a shorter step length L. The height variation between the return points of the flat
curve domain is quite similar by both Jansen linkage versions.

In Figs. 58.4 and 58.5 were represented the paths of the coupler point M for
Jansen and modified Jansen linkages with their leg and opposite leg respectively
the complementary Jansen and modified Jansen linkage, which has the same crank
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Fig. 58.2 Walking robot with opposite modified Jansen linkage legs

Table 58.1 Geometrical parameters of the Jansen versus modified Jansen linkage

Length/Angle Jansen linkage
(mm)

Modif. Jansen
linkage

Length/Angle Jansen linkage Modif. Jansen
linkage

A0A/l2 15.0 15.0 DE/l8 36.7 mm 36.7 mm

AB/l3 50.0 59.0 EM/l81 49.0 mm 49.0 mm

B0B/l4 41.5 40.0 xA0 – 38.0 mm – 45.0 mm

B0C/l41 40.1 41.5 yA0 – 7.5 mm 0.0 mm

AE/l5 61.9 63.0 α0 90.0° 86.4°

B0El6 39.3 39.3 β0 90.0° 99.1°

CD/l7 39.4 43.0

Fig. 58.3 Full path of the coupler point M of Jensen a modified Jansen b linkage
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Table 58.2 Path parameters of the Jansen versus modified Jansen linkage

Parameter Jansen linkage
(mm)

Angular range ϕ Modif. Jansen
linkage (mm)

Angular range ϕ

Step length L 68.08 – 100° ÷ 120° 58.49 – 100° ÷ 110°

Step height H 22.08 – 100° ÷ 120° 26.73 – 100° ÷ 110°

Height variation
flat curve domain

3.64 70° ÷ 191° 3.61 – 100° ÷ 110°

Step length on
ground

63.13 – 70° ÷ 120° 50.19 – 100° ÷ 80°

Height variation
step on ground

1.61 – 70° ÷ 120° 0.43 – 100° ÷ 80°

Fig. 58.4 Path of the coupler point M of Jensen linkage with their leg and opposite leg (red)
respectively the complementary Jansen linkage (blue)

Fig. 58.5 Path of the coupler point M of modified Jensen linkage with their leg and opposite leg
(red) respectively the complementary modified Jansen linkage (blue)
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rotated with 180° and works on the same side of the platform. By analyzing the
steps from the Jansen and complementary Jansen linkage can be observed that the
beginning of the step on the legs is not superposed with the end of the step on the flat
curve domain. That means the step length on the ground is shorter as the full length
of the flat domain by the both versions of Jansen linkage, but the height variation
of the modified Jansen linkages is like 25% lower as by the Jansen linkage. This
advantage is very important for the waking robot, offering a higher stability during
the motion for the mobile platform.

58.3 Experimental Prototype of the Walking Robot

The proposed walking robot using modified Jansen linkage was designed in CATIA
V5 program and 3D printed. The material used is PLA because it is quite light and
resistant to bending moments that occur, respectively is cheap. Figure 58.6 shows
the CAD version of the robot as well as the order of legs assembly.

The inputs of walking robot microcontroller consist of states transmitted from a
smartphone to the robot, using MIT App Inventor program. These states are trans-
mitted via Bluetooth, received by the HC-05 module and transmitted to the Arduino-
Uno board. The code in the microcontroller receive the states and carries out a
movement function depending on the received state. Any motion function controls
both DCmotors accordingly. Each motor is connected with the crank, which consists
of three disk parts. The first disk drives one opposite modified Jansen linkage and the
second disk drives another opposite modified Jansen linkage, with the crank rotated
with 180°. Both of them are on the same side of the walking platform. The third
disk has the role of supporting the assembly on the support element fixed to the
platform. Also, because the platform is 10 mm thick it allows the assembly of the

Fig. 58.6 CAD design of
the walking robot
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Fig. 58.7 Experimental
prototype of the walking
robot

motors in the slots located inside the platform. The motors used are DC motors with
micro-gearbox, having a transmission ratio of 1:30. The final version of the walking
robot can be seen in Fig. 58.7.

58.4 Conclusions

The paper proposed a modified Jansen linkage by redesigning the original Jansen
linkage with collinear rotational joints on the mobile platform of the robot for all
legs. The design of the mobile platform uses four legs on each side, first pair actuated
by the same crank, and the second pair having the same crank rotated with 180°.

The Jansen and modified Jansen linkage were analyzed regarding the generated
path of the coupler point M. The study shows that the modified Jansen linkage allows
a higher step height, but a shorter step length. Also by analyzing the step order results
that the step length on the ground is shorter by both Jansen linkages, but the height
variation of the modified Jansen linkage is very low. That means a better linearity of
the path in contact with the ground and a higher stability of the mobile platform of
the robot.

Further researches will test the walking robot prototype and studied study their
kinematic and dynamic behavior.
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Chapter 59
Sensor System and Control of a 3D
Printed Bionic Hand

Toni Duspara and Hasan Smajić

Abstract In previously published article on this topic, design of a low-budget 3D
printed prosthetic hand was discussed. A functioning prototype, which has inde-
pendent movement for all fingers was manufactured for under 30e. In this paper,
different means of hand control will be explained. Arduino microcontroller that
has been linked to micro servomotors will transmit instructions for motor move-
ment. Idea is to involve sensor system into this project, where microcontroller would
calculate displacement of each finger depending on the sensor state. Two types of
sensor system were tested. First system contained specially designed rings equipped
with custom stretch sensors. Using this means of control, it is possible to replicate
movement of a human hand onto the bionic model. Rings transmit stretch state of
each finger to the microcontroller. Another means of control involve using “AI” and
Machine learning. This system includes a camera linked to Google’s open-source
library called “Teachable machine”. Camera takes a photo sequence of human hand
in various positions. Later on, software trains the model and develops an algorithm
which recognizes position of each part of the hand, and transfers it to the model.
Next phase would involve using neurotransmission sensors, where hand would be
controlled using brainwaves as signals that are transformed in movement.

Keywords Bionic hand · 3D printer · Machine learning · AI · Mechatronics ·
Actuator

59.1 Introduction

In an earlier published article titled “Development andManufacturing of a controlled
3D printed bionic hand”, a movable prothesis was made [1]. The average amputee
pays tenths of thousands of Euros for a newcustom-built arm/hand.With the advance-
ment of technology through time,manufacturing processes became cheaper andmore
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reachable. Conclusion of a previously written article was the fact that a functional
prosthetic hand prototype can be built for under 30e. Even though this prototype
does not have all the functions and proficiency as the full priced prosthetic hand,
but it can replicate all the movements as the real device. All the fingers are capable
of moving individually, sideways and with the work on the new version, gripping
function could be perfected. Main essence of this article is based on control system
of said hand. Different ways of actuator control are discussed. Movement signals
are sent from Arduino microcontroller towards servomotors and thusly affecting the
position state of each finger.

59.2 Smart Control Based on Standard Microcontroller

Control system requires amicrocontroller thatmoves the servomotors. Arduino nano
has 13 digital I/O pins. For control of the actuators, each servo requires one PWM
output pin. Usually, Arduino can supply the voltage to actuate these micro servos,
but because there are seven servos attached to this assembly, Arduino voltage output
cannot provide enough current to move all of them simultaneously. For this project a
20W additional power source is used. This is more than sufficient to provide contin-
uous and simulations movement of all servo motors. Using pulse width modulation,
signals for exact position of each servo is transmitted. Depending on output voltage
of desired PWM pin, axle position of appropriate servomotor is set. When output
pin is provided with 5 V, servo axle is placed in 180° position. Accordingly, 0 V on
said pin results in 0° position of same axle. Servo levers are designed in a way that
180° lever position pulls the finger fully open, whereas 0° lever position pulls the
finger fully closed. Servo connection cables are pulled between motors mounted on
the arm, and later on to the electronics housing. Electronics housing holds inside an
Arduino controller with soldered connectors for servo motors and power source. All
the components and connectors are soldered onto a PCB board. This housing is used
only for testing. In final design, (shown on Fig. 59.1), all electronic components are
placed onto the arm assembly.

To connect all the servos to Arduino, a custom PCB board was designed. On one
end of the board there is a standard voltage connector. The positive lead of voltage
connector is soldered to the VIN pin of Arduino. The same pin is connected to all of
the middle pins of servo connector (red wire). Other pin of power supply connector
is soldered to the Arduino GND pin. With this, all the devices including servos and
Arduino are powered with the same power source. Third servo lead is the signal lead
and it is linked with PWM pins on Arduino. Used pins are D2 to D8 for the eight
servomotors as it is shown on figure below.

Figure 59.2 shows wiring schematics for entire assembly and PCB board layout
for Arduino and connectors. Using Arduino IDE, control system can be programmed
and transferred to the device in order to achieve desired movement.
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Fig. 59.1 Actuator assembly

Fig. 59.2 Wiring schematics

59.3 Stretch Sensors

First tested means of control that could be applied on this assembly was based on
movement replication. Idea is to build a sensor system that would work as a glove.
This glove would be placed on to operators’ hand, and depending on displacement
of his fingers, movement would be replicated in real time onto the bionic model
[2]. There are many ways to detect movement in space, but in this case, flexion of
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Fig. 59.3 Stretch sensor wiring

fingers was of most importance. In order to register this kind of displacement, custom
sensors were made out of conductive rubber cord. This material has the ability to
conduct electricity with certain resistance. Materials resistance changes according to
stretch state. Observing the way that skin stretches on human fingers while they are
flexing, lead to an idea that the same principle can be replicated in order to control
bionic hand [3]. Custom rings were designed to connect the two ends of the cord and
hold the sensor against the finger. This way, when the finger contracts, it strains the
rubber material, and thusly changes resistance. Resistance change can be measured
using analog input pins on Arduino microcontroller. In Fig. 59.3, stretch sensor is
placed in between two alligator clips.

These alligator clips are later on exchanged for custom rings that secure cord on
to the finger. One end of cord is connected to the GND pin on Arduino. Other end
has two connections attached to it. First connection provides sensor with current in
order to measure its resistance and it is linked with VIN pin through a 20 K resistor.
Second connection links the end of the cord to analog Arduino pin that measures
flexion through resistance [4].

To test the idea on to the bionic model, custom finger rings were designed. Three
rings are placed on to the operator’s fingers as it is shown on Fig. 59.4. Preliminary
ring design has holes to convey stretch cord and wires through them. Cord is secured
withM3 bolts from the top to avoid slipping. These bolts are also used as a connection
to the resistor. Positive current is brought to the first bolt, and thusly providing stretch
cord with required power. Three wires going outside the rings are further conducted
to electronics housing and soldered to Arduino board accordingly. With finished
preliminary design, stretch rings can be scaled proportionally to operators’ fingers.
To scale the rings, diameter of each finger must be measured in three places. More

Fig. 59.4 Rings placement



59 Sensor System and Control of a 3D Printed Bionic Hand 589

places that hold the cord fixed results in highermeasuring precision. For basic testing,
three ringsweremade for eachfinger.Rings aremanufacturedusing rapid prototyping
technology.

In order to control the bionic model with this sensor system, measured values
must be converted into servomotor impulses. Analog pin is provided with voltage
that changes its value according to flexion state. Arduino reads this value in range
from 0 to 1023 digits which correspond to 0–5 V values. While observing analog
readings, programmer marks value change in fully open and fully closed positions.
These values changed in the range from 43 to 65. Servomotor positions are typed
in a form of degrees, so analog read values 43–65 must be mapped to servo angles
0°–180°. An example code for a single finger is shown below.

#include <Servo.h>
int Angle = 0;
Servo Finger;
void setup () {
Serial.begin (9600);
Finger.attach (3); }
void loop () {
Angle = analogRead (A7);
Angle = map (Angle, 43, 65, 0, 180);
delay (10);
Finger.write (val);
delay(5); }

Code is uploaded to Arduino board using an USB Serial connection. After the
upload is done, USB cable can be disconnected, and power cable plugged in. This
test showed promising results.1

59.4 Machine Learning Recognition Approach

Second explored means of control involves machine learning. This type of system
is also based on movement replication but without physical contact to the operator.
Device used for movement recognition is a simple camera that records sequence of
frames [5].

1 Video preview of test: https://youtu.be/slh-K-N4hdc.

https://youtu.be/slh-K-N4hdc
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59.4.1 Teachable Machine as Learning Transfer WebApp

Google has developed a web-based tool called “Teachable machine” that creates
machine learning models fast and easy. Teachable machine is a project from Google
creative lab that incorporates transfer learning [6]. Transfer learning (TL) is a research
problem in machine learning (ML) that focuses on stocking knowledge gained
through solving one task later on using the same method, solving a different but
related task [7]. Transfer learning is explained through tasks and domains. They
define the transfer learning principle [8]. A domain Ɗ consists of: feature space χ

and a marginal probability distribution P(X), where X = {x1, . . . , xn} ∈ χ . Given
a specific domain Ɗ= {χ, P(X)}, a task consists of two components: a label space
and an objective predictive function . The function f is used to predict the

corresponding label f (x) of a new instance x . This task, denoted by , is
learned from the training data consisting of pairs {xi , yi }, where xi ∈ X and .
Given a source domainƊS and learning task τs , a target domainƊT and learning task
τT , where ƊS �= ƊT , or τs �= τT , transfer learning aims to help improve the learning
of the target predictive function fT (·) in ƊT using the knowledge in ƊS and τs [9].

For the control of the arm, different classes are created. Classes represent frame
sequences using whom model is trained. For preliminary testing, two classes were
created—Handopen andHand closed. Sequence of 150–200 frames are imported into
class. Number of imported frames can affect model quality (More frames implicates
better quality). Into first class, operator imports a photo array of his open hand in
different angles. Same principle is used for generating the second class. After naming
the classes, model can be trained. Initiation of training process starts with preparing
training data, and later on developing an algorithm usingmachine learning. Nowweb
tool opens a camera live preview where model can be tested. By placing the hand in
front of the camera and recreating some of the positions that were earlier recorded,
algorithm should recognize the position and link it with class. For example, when
someone places open hand in front of the camera, software outputs a class that was
recognized and percentage of certainty. As it is shown on Fig. 59.5, after placing an
open hand in front of the camera, software outputs with 100% certainty, that an open
hand is placed in front of the camera.

These outputs can be used as binary variables transmitted to Arduino board.
When a binary variable “Open” changes its state to high, Arduino gives a command
to servomotors to place the bionic model into a fully open position. When variable
“Close” changes its state from 0 to 1, controller signals the motors to close the
hand. Arduino code can be set up in a way that only at adequate percentage of
certainty changes the variable state from 0 to 1. While testing, algorithm was coded
so only at 90% or higher certainty, variable changes its state. This sensor system
provides control for the bionic model without physical contact with operator. Both
of the mentioned means of control replicate the movement of human hand onto
the bionic model. These sensor systems are used to establish capabilities of model
and test its movement and response. Further work on this project involves using
neurotransmission sensors. Usage of this technology could help develop this model
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Fig. 59.5 Teachable machine preview

into a functioning hand prosthesis. Sensor system in that case wouldn’t work on
movement replication techniques. Operator could control this bionic model using
only his brainwave activity.

59.5 Advantages in the Field

Prosthetic hands and limbs exist for a long period of time. In the new age, due to
technical advancements of sensor and actuator systems, and the low-cost factor of
materials and production, manufacturing technologies became more reachable [10].
Actuation part of this article shows an example of the low-cost advancement factor.
Sensor systems, involving two different means of implementation, demonstrates the
contactless and on-skin control. The contactless control is easier to implement, but
there are certain limitations involving the actual position detection. Actual finger
position can be registered only at certain angles. Tests conducted showed the imme-
diate detection whether the finger is open or closed but not the actual position. Using
the “On-skin” control via tension strings transmits the actual position of each and
every finger. Further experimenting with different cameras and filters could improve
recall of the contactless control.

59.6 Conclusion

During the work on this project, a final prototype was built. The average amputee
pays 30.000$ for a new custom-built arm/hand. With the advancement of technology



592 T. Duspara and H. Smajić

Fig. 59.6 Prototype
assembly

through time, manufacturing processes became cheaper and more accessible. Tech-
nical innovation of this projectwas the fact that a functional prosthetic hand prototype
was built for under 50$. Figure 59.6 shows the fully assembled picture of prototype
built during this project.

This prototype does not have all the functions and capabilities as the full priced
custom prosthetic hand, but it can replicate all the movements as the real device.
All the fingers are capable of moving individually, sideways and with the work on
the new version, gripping function could be perfected. Two means of control were
tested and explained. A custom-made sensor system was developed. This system
uses conductive rubber cords to register flexion of human fingers and replicates
that movement on bionic model. Second system involves artificial intelligence and
machine learning. Using a simple camera, a web-based tool trains an algorithm that
recognizes human hand in front of the camera, and transmits its state onto the bionic
model. Further work on this project would involve testing with different kinds of
materials to improve the working stability. Second part of research would involve
exploring of different sensor systems. Next phase would involve using neurotrans-
mission sensors, where arm would be controlled using brainwaves as signals that are
transformed in movement.
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Chapter 60
Sensors in Self-Driving Car

Livija Cveticanin and Ivona Ninkov

Abstract In this paper a short review on sensors applied in self-driving car are
presented. The self-driving car is represents a cyber-physical system where the
motion of the vehicle is automotive. To realize the driving the perceptional, orien-
tation, communication and control for the car has to be developed. The process of
perception and orientation is connected with a system of sensors. Various types of
sensors are suggested: radar, lidar, ultrasonic sensor, video-, thermal-, and infrared
camera. For navigation the Global positioning system and the Inertial measurement
unit are usually applied. In the paper all of these sensors are considered. Advantages
and disadvantages for all of them are discussed. It is concluded that depending on the
type and number of embedded sensors the self-driving car is more or less efficient.

Keywords Radar · Lidar · Ultrasonic sensor · GPS · Inertial measurement unit

60.1 Introduction

Human beings have always been forced tomove and travel shorter or longer distances
in order to provide themselves with basic necessities of life, and, above all, with food.
In the beginning he moved on foot, but soon there was a need to provide himself with
ameans of transport that would allow him to get to a certain place quickly, but also the
ability to cover longer distances. The development of human beings and their way of
life was accompanied by technical achievements. Development of civilization came
to the emergence of various means of transport. Certainly one of the most significant
is the emergence of personal vehicle for transport i.e. cars. The primary function
of cars is to transport people from one to another location efficiently and in safe
manner. The first cars appears on the roads in 1886 and was designed by Karl Benz
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Sad, Serbia
e-mail: cveticanin@uns.ac.rs

L. Cveticanin · I. Ninkov
Obuda University, Nepszinhaz u. 18, Budapest, Hungary

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. Rackov et al. (eds.), Machine and Industrial Design in Mechanical Engineering,
Mechanisms and Machine Science 109,
https://doi.org/10.1007/978-3-030-88465-9_60

595

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88465-9_60&domain=pdf
mailto:cveticanin@uns.ac.rs
https://doi.org/10.1007/978-3-030-88465-9_60


596 L. Cveticanin and I. Ninkov

in Germany. Since that time many modification and improvement are done on the
motor and also on the car body. So, the speed of the car is increased up to 442 km/h
(Hennesey VenomGT) and the motor is made to be extremely efficient with minimal
fuel consumption and small carbon emission. Cars are extremely comfortable with
decreased vibration and noise.However, for carmotion the human driver is necessary.
However, with the growing numbers of cars on the roads, the comfort in driving is
disturbed. The safety on the road is decreased. By 2030 it is predicted that 70% of
the world’s population will live in big cities. In addition, it is taught that in following
ten years the global car fleet would be doubled from currently 1.4 billion. These
data directed the researcher to new investigation toward cars which would be more
appropriate for modern passengers and give the idea of realization of the futuristic
idea of un-manned car. Namely, the result which is expected in future is to have
cars without human drivers which would move along roads safely without accidents
giving the possibility to passengers to enjoy the time which spend in the vehicle. In
addition, the automated cars are expected to reduce the fuel consumption, to reduce
the CO2 emissions, to optimize traffic flow, and so on. The challenge is how to fulfil
the task.

Nowadays, we are in the era of the new technical revolution. As it is known,
the first industrial revolution was in period of 1760–1870 when according to new
inventions in steam and water power there was the transformation from the hand
production to production with machines. This era is known as early mechanization
period. The significant improvement in textile and iron industry, mining, agricul-
ture etc. is achieved. The period of implementation of new technologies lasted for a
long time. After discovering of electricity and its application the Second revolution
called Technical revolution follows which lasts for almost hundred years. Factories
became larger and were adopted for massive production. During this period there
was the improvement in communication and expansion of railroads. The third so
called Digital Revolution, connected with development of automation and digital-
ization, was in the period of 1962 to 2011. During this short time computers and
specially supercomputers significantly improved the production process. However,
the main result of this period was the improvement of communication and infor-
mation (IT) technologies. Intensive networking established strong communication.
Introduction of the Internet gave the worldwide connection in the population. The
Fourth industrial revolutionwith the high-tech strategies of computerization ofmanu-
facturing, called Industry 4.0, started just ten year ago. Themain aimof this revolution
is to obtain automatic production without human intervention, i.e. to develop new
methods and system of communication between physical systems and computers,
i.e. the cyber-physical systems (CPS) technology. This system includes automa-
tion which gives the system the possibility of self-optimization, self-configuration,
self-diagnosis, cognition. It requires advances in communication but also connec-
tions. It requires the improvements in some areas like: Robotics, Nanotechnology,
Quantum computing, Biotechnology, Artificial intelligence, the Internet of things
IoT, the Industrial internet of things IIoT, Fifth generation of wireless technology,
etc. It is expected that using the CPS and additional technologies the realization of
the project of the self-driving car would be fulfilled.
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60.2 What is a Cyber-Physical System

There are a significant number of definition what a cyber-physical system (CPS) [1]
is. In general, CPS represent an assembly of physical and a highly sophistic artifi-
cial computing system which is able to make perception, collect data, plan, realize
and control the process. Integrated physics and logics is applied for the function
of interacting components of human, physical analog and digital type which are
the constitutive elements of CPS. Namely, computer-based algorithms controls or
monitors the realization of the process in the real physical part of CPS. Physical
and software parts of CPS are deeply coupled. The main advantage is that due to
operation in different modes of space and time, it is possible to produce quite new
behavior whichmay satisfy the new prescribed involvements. For realization the CPS
requires mesh of various approaches: theory of cybernetics, mechatronics, designs
and process science.

As is already mentioned, CPS is an integration of computation and physical
process [2]. Devices which construct a CPS include sensors (for detection of physical
values) and from simple hardware to high-endwork computers for datamanaging and
control to the most complex hardware for overall of the system. The working of the
system is available due to a range of reliable, unreliable and compromised networks
whichmove information and commands fromone to another parts ofworking system.
Due to connection system two types of CPS are developed: one, fully contained
without outside connection, and second, with Internet connection.

The first type of CPS has its own independent system from collecting data up
to making self-decision. Then the CPS is an isolated system focused of effective,
reliable, accurate, real time and secure data transmission and control. The examples
for these systems are those in smart bomb in flight to target, Mars rover operating
between massages from Earth, in original vehicle in the first Defense Advanced
Research Projects Agency (DARPA) challenge, etc.

The second type of CPS is usually connected with Internet. As Internet is a global
system of interconnected computer networks, i.e. it is the network of networks which
consists of all networks, it carries enormous range of information resources and
serviceswhich are useful formakingdecision inCPS.ConnectionwithCloud servers,
which are accessed over the Internet, many software and databases are available to
CPS. Usually, Internet of Things (IoT) is viewed as the Internet of CPS which gives
the interaction between cyber world and physical world.

The usual question is: What is Internet of Things (IoT) and what is the difference
to CDS?

The Internet of Things (IoT) is the mesh of things, which are physical objects
supplied with systems like sensors, software, etc., available for connecting and
exchange data with other systems and devices by using the Internet. IoT focuses
on effective source sharing and management, interface among different networks,
massive-scale data and storage, datamining, data aggregation and information extrac-
tion, high quality of network, etc. Sensors in IoT provide the application of the
obtained data.
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The similarity between CPS and IoT is due to their primary architecture. Physical
and computational elements are, however, more coupled in CPS than in IoT. Due to
its complexity CPS gives addition means for realization of required tasks than IoT.

The control the process is in technics often called ‘embedded system’. It contains
a computer processor and memory, and peripheral devices for input and output.
However, themain accent of the embedded systems is on the elements of computation,
and not on the connection between physical and computational components. It is
appropriate for control physical operations of machines, electrical and electronic
devices as the computation is in real-time. Such systems are the part of the most CPS
connected with IoT. The most important system of this type is the self-driving car.

60.3 Self-Driving Car (SDC)—Definition

A self-driving car, also called an autonomous vehicle (AV or auto) is a driverless car,
or robot-car which percepts the environment and drives with little or no human help.

Society of Automotive Engineers SAEmade the classification—J3016 201609 in
2016 in autonomous cars by introducing 6 levels [3].

Level 0 (No automation): Automated system issues warnings and may momen-
tarily intervene but has no sustained vehicle control.

Level 1 (“hands on”—Driver assistance): The driver and the automated system
share control. At this stage the control of steering is done by driver, while the auto-
mated system controls the power of the engine and regulates the speed of the car,
and also controls the power of brake during speed variation. Steering during parking
is automated and the speed is controlled manual. The car driver has to be ready to
control the whole driving process at any moment.

Level 2 (“hands off”—Partial automation): Steering, braking and accelerating of
vehicle is under full control of the automated system. However, the driver has to be
active in the monitoring of process and to act at the moment when there is the lack
in the automated system.

Level 3 (“eyes off”—Conditional automation): The attention of driver must not
be directed to driving for the whole time as the vehicle will act immediately in some
situations like emergency braking. However, the driver has to be ready to act in some
real time interval.

Level 4 (“mind off”—High automation): This level represents the improvement
in safety to level 3. The driver need not to give attention to driving process. Such cars
is allowed to travel on roads in limited spatial areas or under special circumstances.
Outside of these areas the driver has to retake control.

Level 5 (“steering wheel optional”—Full automation): No human intervention is
required at all. It is a CPS that can travel to predominant destinations without human
intervention of the driver.

The realization of the full automation of the 5th level for SDC requires two general
systems (electronic devices and computers) which have to replace the activity of
human brain in driving and these are divided into [4]:



60 Sensors in Self-Driving Car 599

• Perceptual systems,
• Positioning system of vehicle,
• Path planning and navigation systems for global and local rout planning, and
• Control and Decision making systems.

To percept and sense the environment the vehicle must be supplied with a system
of various sensors which would detect the position of vehicle among other objects
(see Fig. 60.1). Based on these information the path of motion is planned and the
navigation paths are identified. Decision making computer systems are supplied with
artificial intelligence AI and deep learning technologies which are used for control
of driving [5], too.

For perception of the environment, the SDC is supplied with the external and
internal sensor network system. In addition, it is found that the IoT assists in the
integration of communications in vehicular systems. The first step in autonomous
driving is to establish the so called vehicle-to-everything communication (V2X), i.e.
the connection with other objects in environment and road infrastructure [6]. V2X
is the automatic connectivity which use computer vision, localization and intelligent
communication techniques. It consists of following main components:

• vehicle to vehicle communication (V2V)—very often is the WiFi connection,
• vehicle to infrastructure communication (V2I)—traffic infrastructure, road signs,

lane marking, traffic lights,
• vehicle to networks communication (V2N)—using mobiles, tablets, navigation

systems,
• vehicle to grids communication (V2G)—uses and produces electrical energy

stored in car batteries by communication with electricity grids,
• vehicle to pedestrian communications (V2P)—using wireless smart-phones, and
• vehicle to device communication (V2D)—all other communications.

Fig. 60.1 Scheme of sensors in self-driving car
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Fig. 60.2 Scheme of a GPS system

It can be concluded that this interaction between vehicles and inside SDC enables
safety drive and internal control of the vehicle functionality, but also control of the
traffic and management of transport on road.

For positioning of the vehicle complex systems are necessary. For navigation
local and global route plans are done and the certain system performs the navigation
operations (Fig. 60.2). Control of drive is usually of internal character. The system
calculates and applies control actions to maintain the local trajectory of movement
and the target states of vehicle.

In addition to hardware, various software programs are implemented in SDC:
for prediction of the position of the autonomous vehicle as a moving object on the
ground. The effect of prediction is on short-term.

In this paper the brief description of sensors applied in CDS is given. Most people
will recognize a self-driving car based on the whirling sensor perched on the roof.

60.4 Sensors

60.4.1 Radar—RAdio Detection and Ranging

Radar is one of the simplest sensors which are suitable to locate objects such as
vehicles and pedestrians and to determine their velocity. It uses radio waves to detect
objects. It contains a receiver and a transmitter. Radio waves which are sent out by
a transmitter hit the object or vehicle, and get back to the receiver. Radar available
the detection of the distance of the object or vehicle, its direction and velocity. These
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data are necessary for control of speed, braking and control of safety systems as the
response to sudden changes in traffic changes. Depending on the application the long
range radars, medium range radars and short range radars are applied. Long range
radars are used for measuring the distance to and speed of other vehicles. Medium
range radars are used for detecting objects within a wider field of view e.g. for cross
traffic alert systems. Short range radars are used for sensing in the vicinity of the
car, e.g. for parking aid or obstacle detection. The radar fail to give accurate results
if more objects are at the same distance and moving with different velocities. Radar
resolve the velocities of the different objects but it needs time. In addition, radar does
not give the exact size and shape of an object.

In SDC three types of radars are used: the co called ‘short-range radar’ (SRR)
which is convenient for detecting of an object or vehicle on the distance of 1–20 m,
‘medium-range radar’ (MRR) for objects on the distance from 1 to 60 m and ‘long-
range radar’ (LRR) for distances up to 250 m. Usually, these radars are extended
with sensors for lane-change assistance (LCA) and detection of blind-spot (BSD).

60.4.2 Lidar—LIght Detection and Ranging

Lidar scanning is the latest development in surveying technology [7]. It is one of
the more crucial and argumentative sensors that is used on self-driving cars used for
surround view, detection of objects and to create detailed maps that self-driving cars
need to get around. Lidar’s function is similar to that of the radar. It helps autonomous
vehicle to see other objects like cars, pedestrians and cyclists. Instead of radio waves
to scan environment, lidar uses laser light pulses.

Lidar system contains four key elements: transmitter, receiver, optical analyzing
system and a computer. The transmitter pulses laser pulses, i.e. laser light, while
the receiver receives the reflection of the object i.e. intercept the reflected light
pulses. Hundreds of thousands of laser pulses are transmitted and received every
second. Input data are analyzed with optical analyzing system. The computer has to
be powerful and able to give the real-life visualization. Images may be with two or
three dimension. Namely, the onboard computer records each laser’s reflection point,
and forms an updating “point cloud” which is animated into 2D or 3D representation
or picture. So, lidar literally map surroundings at the speed of light. Its versatility
in direct air and in the vacuum of space allows lidar to operate on a short-wave,
near-infrared optical signal—resulting in a much finer scan accuracy than longer
waves, such as microwaves, could allow. However, the disadvantage of the lidar is
that it cannot work normally in bad weather (rain, snow, dust). In addition, it is an
expansive device.
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60.4.3 Ultrasonic Sensor

Ultrasonic sensors are used to detect nearby objects. In addition, these sensors are
helpful in parking of the vehicle. The ultrasonic sensor sends out short ultrasonic
impulses. The ultra sound waves are reflected by obstacles and the echo signals
are received and processed. Unlike the Lidar, ultrasonic sensors are able to work in
bad weather conditions (including fog) and in low light night time situation, too.
Ultrasonic sensors are able to see through objects (it is not the case in Lidar). Some
newer versions have resolutions and object recognition capabilities comparable to
Lidar. Ultrasonic sensor is relatively cheap and inexpensive. However, ultrasonic
sensor has not the resolution to detect small objects or multiple objects moving at
fast speeds. It has shorter field of view and accuracy compared to Lidar. Ultrasonic
sensor cannot see color.

60.4.4 Video, Thermal and Far Infra-Red Cameras

Video cameras are sensors that continuously record the view in front of the car.
Cameras can automatically send pictures and video on the screen. To obtain good
quality of video, the resolution of camera need to be high. Usually, thermal sensing
camera are applied, that passively collects heat signatures from nearby objects, and
converts them into a video. Computer vision algorithms detect and classify the
objects. Nowadays, the far-infrared (FIR) cameras are applied [8]. These sensors
deliver reliable, accurate detection in real time and in any environmental condi-
tion. While radar and lidar are sensors which emit and receive signals, a FIR camera
collects them.Namely, by determination of the thermal energy,which is radiated from
the object, the data set is obtained which identifies the object in front of the vehicle.
FIR cameras achieve better sensing than other sensors due to the fact that infrared
wavelength is far longer than of the visible light. Unlike other sensing options,
thermal sensors do not require any light to accurately detect, segment and classify
objects and pedestrians. They give complete detection of the road and its surround-
ings in all-weather conditions. FIR can work to detect a car’s surroundings without
ever upsetting the sensors of other vehicles i.e. without interference. Lidar and radar,
which are installed and acting on a SDC, may cause interference with other vehicles
which are passing away.
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60.5 Navigation

60.5.1 Global Positioning System (GPS)

One of the global navigation satellite systems (GNSS) is the so called Global Posi-
tioning System (GPS). It is a satellite-based radio-navigation system that provides
geo-location and time information to a GPS receiver anywhere on or near the Earth.
The time and three position coordinates of receiver are computed due to data from
four or more GPS satellites whose locations are known with great precision. The
GPS operates independently of any reception (telephonic or internet) and need not
a user to transmit any data. GPS gives the positioning information for all users at
any time. For calculation of the position and time parameter of the GPS on the SDC,
the receiver of GPS need data from minimum 4 GPS satellites. Each satellite have
to carry an accurate record of its position and time, and have to be able to transmit
those data to the receiver. It is worth to be mentioned that the velocity of radio wave
is constant and does not dependent on the satellite velocity. It causes the time delay
between emitted and received signal. The time is proportional to the distance from
the satellite to the receiver. Based on this procedure the calculated data are accu-
rate enough. However, GPS fails if the line of sight is obstructed. Obstacles such as
mountains and buildings block but also tunnels etc. give relatively weak or no GPS
signals.

60.5.2 Inertial Measurement Unit (IMU)

To overcome the environmental problem in navigation with GPS, the Inertial
Measurement Unit (IMU) for global positioning is designed. IMU is a kind ofMicro-
Electro-Mechanical System (MEMS). The unit determines the vehicle’s acceleration,
heading angle and relative position. The device is the combination of an accelerom-
eter, gyroscope andmagnetometer. The accelerometer measures acceleration in three
directions and gives the information of the specific force. The gyroscope gives the
rotation rate giving three independent angles in the space. Magnetometer is used as
a heading reference giving the orientation of the body. The IMU is an autonomous
precise navigation system which applies the principles of gravity and inertia and not
of the external environment. IMU is a reliable data source for precise navigation of
SDC. Namely, the IMU available the determination of the position of the vehicle
mostly accurate, by applying of the algorithm for comparison of location.

Recently, GPS devices with enabled IMU are produced. When GPS-signals are
unavailable, for example in tunnels, inside buildings, or when electronic interference
is present, IMU takes over the navigation function. Otherwise, the GPS performs
navigation.
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60.6 Conclusion

In this paper a short review on sensors which are already applied in the self-driving
car is presented. The attention is given to radar, lidar, ultrasonic sensor and video,
thermal and far infra-red cameras as sensors which are widely used in the automotive
vehicles. For navigation the GPS and inertial measurement unit are also considered.
The advantages and disadvantages of each sensor is reported. It can be concluded
that improvement the properties and elimination the lacks further investigation in
sensors for self-driving car is necessary.

Acknowledgements The investigation is the part of the Project of the Department of Technical
Mechanics of the Faculty of Technical Sciences, No.54/2021.

References

1. Putnik, G.D., Ferreira, L., Lopes, N., Putnik, Z.: What is a cyber-physical system: definitions
and models spectrum. FME Trans. 47, 663–674 (2019)

2. Madden, J.: Security analysis of a cyber-physical system: a car example. MSc Thesis. Missouri
University of Science and Technology (2013)

3. Aria, M.: A survey of self-driving urban vehicles development. IOP Conf. Ser.: Mater. Sci. Eng.
662, 042006-1–042006-6 (2019)

4. Vdovin, D.S., Khrenov, I.O.: Systems of the self-driving vehicle. IOP Conf. Ser.: Mater. Sci.
Eng. 534, 012016-1–012016-6 (2019)

5. Grigorescu, S., Trasnea, B., Cocias, T., Macesanu, G.: A survey of deep learning techniques for
autonomous driving. J. Field Robot. 37(3), 362–386 (2019)

6. Gwak, J., Jung, J., Oh, R.D., Park, M., Rakhimov, M.A.K., Ahn, J.: A review of intelligent
self-driving vehicle software research. KSII Trans. Internet Inf. 13(11), 5299–5320 (2019)

7. Chang, Y.P., Liu, C.N., Pei, Z., Lee, S.M., Lai, Y.K., Han, P., Shih, H.K., Cheng, W.H.: New
scheme of LiDAR-embedded smart laser headlight for autonomous vehicles. Opt. Express
27(20), A1481–A1489 (2019)

8. Thakur, R.: Infrared sensors for autonomous vehicles. In: Srivastava, R. (ed.) Recent Develop-
ment in Optoelectronic Devices, pp. 81–96. IntechOpen (2018)



Chapter 61
High Speed Spindle Simulation Using
Multibody Siemens NX MCD

Hasan Smajić, Milos Knezev, Aleksander Stekolschik,
and Aleksandar Zivkovic

Abstract The digital product model is the key in setting up an end-to-end process
from design to production: it works right from technical specifications to the finished
product. Previously, the use of CAD systems was limited only to the creation of (2D)
3D models for linking and creating drawings. Now the main goal of introducing
and using high-end CAD systems is to provide all product development parties
through the necessary engineering tools and product information to resolve their
problems. This problem is generally resolved not only by the CAD system in which
the data is created, but also by the life cycle management system (PLM). In machine
tools industry has been required growing tendencies aimed to development of digital
twins, what allows designers to be more accurate in prediction of spindle lifetime.
The number of sensor available to measure loads during spindle rotation is limited,
but virtual model comparing with prototype cope better with that issue. This paper
presents the first step of digital twin development of high speed spindle. Modeling
3D parts and assembly, defining simulation model has been developed in Siemens
NX PLM software and dynamic results has been presented.

Keywords Mechatronic concept design simulation · Siemens NX · High speed
spindle—HSS

61.1 Introduction

Multibody simulation has grown rapidly with the computer and software develop-
ment, during the last decade, as the market for complex mechanical systems has an
exciting trend. Designers face daily challenges related to the analysis of complex
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mechatronic systems. Dynamic simulation of multibody systems has several signif-
icant advantages related to lower cost and design time, but increased quality. As
is known, early time finding deficiency of product, decrease unnecessary expenses
[1, 2].

In other hand, regarding to the need of higher productivity but keeping or
improving quality, came demand for development high speed spindles. Using high
speed spindles can increase production, lower costs, and improve overall efficiency.

From all mentioned above, came an idea for developing digital twin. Most of
the papers doesn’t take into account bearing simulation, but consider bearings as a
simple cylindrical joint and sliding joints. This paper presents first step of digital twin
development i.e. multibody simulation model of spindle with accent on bearings.
It gathers modeling all parts and assembly basis which can be created multibody
simulation. Simulation in PLM software as is Siemens NX allows using various
sensors to get required results.

61.2 PLM Software

The problem of choosing a software product arises because of the introduction of
computer aided design systems in industry, educational and research processes at the
university. The CAD market offers a wide range of software products focusing on
resolving global or local problems. These products can be classified into groups:

• Lower level:Mainly two-dimensional programs focusing on the creation of design
and technological documentation. These programs are generally not connected
by a single data structure.

• Middle-range level: Specialized products (e.g. plant design software) working
with a single source data structure.

• High-end level: Multifunctional integrated systems with a single source data
structure and a variety of problem-oriented applications. Modern high-end engi-
neering software development centers on the effective and fast integration. And
the automation of different methods of engineering design and production along
with the development of new functionality.

NX is an interactive high-end 3D-based engineering software system for engi-
neering computer-aided design, manufacturing, and calculation of mechanical, elec-
trical, and mechatronic products. NX is a three-dimensional modeling system for
creating products of any degree of complexity (starting from general mechanical
engineering to complex automotive and aerospace products). Considerable changes
in computing performances and wider assortment of software tools for engineers i.e.
software for LCM—Life Cycle Management enabled to use CAD, CAM, and CAE
systems or modules to automate their design and production processes. NX provides
key capabilities for these phases in the product creation process:
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• NX CAD (computer-aided design): Integrated solutions for conceptual design,
3D modeling, and documentation. The design process is supported by various
modeling tools and is flexible regarding to changes. Some modeling options are
wireframe, surface, parametric solid, or the so-called direct modeling. Drawings
can be linked with the 3D CAD model.

• NX CAE (computer-aided engineering): Multi-discipline simulation for
mechanics, motion, thermal, flow, and multi-physics applications. It supports the
development process by tools and methods for simulation and calculation based
on a previously created 3D-CAD model.

• NX CAM (computer-aided manufacturing): Manufacturing solutions for tooling,
machining, and quality inspection. It supports the manufacturing process in
the planning and execution phase, including programming of manufacturing
machines and the production process itself.

61.3 Mechatronic Concept Design

The MCD (mechatronic concept designer) application in NX is designed to simulate
the behavior of mechanical andmechatronic systems, both in the early and late stages
of product development. The user is provided with a virtual modeling environment in
which can describe the product, being developed by using the physical characteristics
of its components and set the boundary conditions, acting forces, and environmental
parameters.

Moreover, the behavior of the system can be simulated in real time by using
virtual sensors, signals, and interfaces to third-party products. The Mechatronics
Concept Designer enables the combination of various disciplines like mechan-
ical engineering, electrical engineering, and automation technology. Engineering
designers and systems planners can provide a virtual definition of the entire engi-
neering process from the rough concept to mechanics, electronics, and software.
Errors can be recognized very early—this contributes to a low change cost and time
of delivery [3, 4].

The 3D CAD model can be extended within MCD for:

• Mechanical connections,
• Springs and dampers,
• Collision definition,
• Position and velocity control,
• Conveying surfaces,
• Sensors and operators,
• Sequences and signals.

Another functionality ofMCD is especially interesting for the Institute for Produc-
tion in a series of research projects and education, emphasizing its multidisciplinary
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focus. The main focus and the critical part of the plant construction is the commis-
sioning. The difficult error correction, which can only take place after the complete
physical assembly of the production system, takes up 60% of the time.

The MCD environment contains the so-called virtual commissioning function-
ality. It allows simulations combining the physical and virtual components of a
mechatronic product. In particular, a real digital controller can be combined with
a virtual digital model of the mechanism or plant. The virtual machine model in
Mechatronics Concept Designer can be used to test the real control technology;
diverse automation interfaces can be connected. MCD behaves with the controller
like the real machine or plant. The commissioning time on the real machine can
be reduced considerably. The delivered software quality increases due to tests on
the digital twin instead of on the real system without any risk in advance. Software
issues in the industrial product lead to issues and even product recalls. The virtual
commissioning of the 100% original software code is, therefore, the top priority with
the use of tools like MCD. The typical process using MCD can be:

• Creation of 3D-CAD models of the product or plant (static product model),
• Creation of systems engineering model (e.g. function structure of the project,

customer and legal requirements, re-use of knowledge),
• Definition of the product concept model (e.g. basic physical properties of the

product concept, geometry and physical properties, allocation of components to
functions, sensors and movements),

• Product completion to the detailed model (e.g. 3D design completion, use of
electrical and electronic components, motor drives),

• Performing virtual commissioning (detailed movement analysis, signal tests,
simulation execution, result exports to third-parties’ simulation tools).

Different concepts of the product can be defined and the variants virtually
compared without creating physical prototypes. So, the results can be achieved rather
quickly. However, the quality of the results must be checked in detail because it
is directly dependent on the virtual model properties. For example, some essential
factors for realistic commissioning are the quality of thematerial properties definition
or signal description.

61.4 High Speed Spindle—HSS

Spindle is one of the key parts of every machine tool. As a fact that industry requires
high productivity, high accuracy with reducing a production costs. Although using
the high speed spindle is reasonable solution. This paper is aimed to development
of mechatronic concept design model of HSS so modeling of parts will not be taken
into account. To be known CAD model was obtained by digitalization of physical
HSS model.

Machine tools able to work with high speed and high precision conditions have
become a major goal in machining industries in past years. The heart of these kind
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Fig. 61.1 The cross section
of high speed spindle 3D
model

of machine tools is high speed spindle, which is able to provide rotations of tens to
hundreds thousands numbers of revolutions per minute [5–7].

Using HSS have a purpose to make machine tools capable to achieve excellent
performance, and they are well-suited for grinding, milling, drilling or even for
some special applications. The schematic of HSS elements is shown on Fig. 61.1.
This HSS is actually the motor spindle and the shaft is integrated with rotor and
it can be considered as one part (1). The spindle has been mounted with two pairs
of high precise angular contact ball bearing in front side of spindle (2), are SNFA
EX12 and the rear bearings are SHFA EX10 (3). This bearing system has most
significant influence on spindle thermal, dynamic, etc. behavior. The number 4 is
Stator, and beside ball bearings it is heat source, so it requires active cooling with
water, the coolant flows through cooling jackets placed around stator. On the other
hand bearings are cooled and lubricated with compressed air mist.

If would make a comparison, between conventional spindles and motorized spin-
dles. Than can be said that motorized spindles are equipped with an embedded-in
motor, so power transmission devices as gears and belts are obviated. This design
provides better exploitation conditions, i.e. vibrations are lowed, rotational balance is
increased, and control of rotational accelerations and decelerations are more precise.
It soon became obvious that the high speed operation and the very high heat dissi-
pation of built-in motors push other spindle components to their limits [3, 8]. The
bearings dimensions are given in Table 61.1.

61.5 Mechatronic Concept Design Model

Developing the mechatronic concept design model, of high speed spindle includes
following procedures:
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Table 61.1 Ball bearing data EX12 EX10

Inner diameter [mm] 12 10

Outer diameter [mm] 28 26

Width [mm] 8 8

Contact angle [°] 15 15

Number of balls 10 10

Ball diameter [mm] 4.76 4.37

modeling all parts,
modeling assembly,
defining body types,
defining fixed parts and joints,
defining kinematics and sensors.

CAD

MCD

Within developing MCD model of high speed spindle, non-movable parts are
connected with housing, so they are fixed. List of fixed joints is shown on Fig. 61.2.
Fixed joint connects a motion body to a fixed position (such as ground), or to another
joint. The default position is the center of gravity. Two joints that are connected as
fixed move together as one body. A fixed joint allows zero degrees of freedom.

Rotor/shaft is connected with stator by hinge joint. Hinge Joint represents the
boundary condition for creating a rotational joint between two models/bodies. It

Fig. 61.2 List of fixed joints applied between housing and non-movable parts
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Fig. 61.3 a Hinge joints and b prevent collision constrains

represents movement drive, during the simulation. Hinge joints, but not driving are
defined between all four rolling bearings and shaft (Fig. 3a). While bearing are not
in focus, their stiffness are defined by material parts. During the rotational between
movable and fixed parts, which are in contact, to avoid parts penetration, have been
used Prevent collision constraints (Fig. 3b).

61.6 Results and Discussion

Figure 4a shows velocity increasing fromminimum to maximum, and the diagram is
linear because acceleration is constant. On the next diagram shown on Fig. 4b, can be
see how acceleration characteristic at the beginning is with constant trend, with small
oscillations, but when spindle achieve maximum speed, acceleration oscillate around
0. Figure 5a represents results of jerk sensors. Shaft position change sensor, which
results are shown on Fig. 5b shows the limit where position passes from nonlinear to
linear. It is related with acceleration, at the same time (point) on acceleration diagram

Fig. 61.4 a Velocity sensor results of spindle and b acceleration sensor results of spindle
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Fig. 61.5 a Jerk sensor results of spindle and b position sensor results of spindle

value drops around 0 o/s2. During acceleration torque increases and after reaching
maximum speed sharply drops little bit above 0 (Fig. 61.6).

Multibody simulation gives some advantages as follows. Virtual model simula-
tion, enables to engineers relatively easy test of virtual prototype. Those mecha-
tronic systems can be very complex, this tool makes testing possible in a short
time. Comparing with the time required for building the physical prototype, thus
automatically draws reducing costs. Software as is Siemens NX provides flexibility.
Parametric software as Sienens NX, allows for change the any part dimension, and
will automatically change it in assembly as well as in simulation module and quick
simulate again, without a limitation of iteration with aim to obtain optimal solution.

Fig. 61.6 Torque sensor results of spindle
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61.7 Conclusion

A stepwise approach for first step to build digital twin of High Speed Spindle has
been presented in this paper with accent on mechatronic concept design model.
On first look motion of high speed spindle is very simple, but in fact it is totally
opposite. For this spindle complexity is mainly related to high precision and high
speed angular contact ball bearings. While in mechatronic concept design module,
all parts are meshed, and during high speed rotation there is a critical point of speed
where bearing falls apart. It is a problem which cannot be found in literature, so it
is a great challenge and contribution for Industry 4.0 and digital twin development.
Future plans for research and main challenge is to overcome it, because than will
not be limitations regarding to speed. This paper presents the results of kinematic
parameters of HSS spindle from mechatronic concept design model.
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Chapter 62
Influence of Maintenance Practice
on MTBF of Industrial and Mobile
Hydraulic Failures: A West Balkan Study

Marko Orošnjak , Milan Delić , and Sandra Ramos

Abstract The article investigates the influence of maintenance practice on the
MTBF (Mean-Time-Between-Failures) of hydraulic system failures. Firstly, the
paper starts by challenging the argument that contamination is at least 70% respon-
sible for hydraulic system failures. Secondly, independentmaintenance variables that
potentially influence MTBF are synthesised and investigated via Person’s correla-
tion factor. Although some predictors (variables) show good prediction properties,
however, show discrepancy while being subjected to different maintenance policies.
Eight selected predictors were subjected to Stepwise Multiple Regression (SMR)
for selecting the most appropriate solution. Finally, four main predictors (p < 0.05)
are selected: Machine Age (MA), Filter Replacement Time (FRT), Failure Analysis
Personnel (FAP) and Maintenance Policy (MP) applied. The results show that the
suggested model shows good prediction properties (R2 = 83.51) in estimating the
MTBF of hydraulic machines.

Keywords Contamination control · Filter management ·
Mean-time-between-failures · Hydraulic failures · Stepwise multiple regression ·
Maintenance policy

62.1 Introduction

It has been an ever-present notion that themost common cause of failures in hydraulic
systems is contamination [1]. Divided opinions of engineers and scientists stating
that between 70 and 90% [2–4] of failures attributes to contamination (solid parti-
cles [5], air and water contamination [6], temperatures [7]) resonate with the need
for more up-to-date evidence on the matter. Such statements suggest that hydraulic
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Faculty of Technical Sciences, University of Novi Sad, Trg Dositeja Obradovića 6, 21000 Novi
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system reliability [8] is strongly associatedwith the fluid condition [9]. Consequently,
this affects the actuator’s response rate and precision, thus the product quality [10].
Therefore, one would expect that MTBF (Mean-Time-Between-Failures) depends
onMaintenance Decision-Making (MDM) at the operational and tactical levels, thus
encompassing the importance of the Maintenance Analysis Program (MAP), for
instance, oil condition monitoring (OCM) [11] or Prognostics and Health Manage-
ment (PHM) [12] in reducingMTBF. At the strategic level, there is a lack of evidence
that compares the value of MTBF subjected to different MP (Maintenance Policy).
However, assuming that innovative policies improve MTBF, studies highlight the
cases where the most advance MP does not always show the best performance.
For instance, Sellitto [13] investigated the influence of opportunistic, corrective and
preventive maintenance policy performance. The study shows that corrective main-
tenance outperforms opportunistic and partial corrective. Vineyard et al. [14] study
the influence of five MPs on flexible manufacturing system (FMS), showing that the
opportunistic maintenance policy outperforms preventive and corrective policies. In
a recent study, Paprocka et al. [15] pointed out that frequent maintenance actions
reduce overall maintenance performance, questioning companies’ ability to adapt
CBM considering the trade-off between reducing stoppages and increasing profit.

To follow up on the maintenance practice perturbations and the influence on
MTBF, specifically in an oil hydraulics sphere, we first challenge the argument that
contamination is at least 70% (P ≥ 0.70) responsible for the hydraulic system’
failures (hypothesis—H1). From our practical experience, pipes and hoses’ bursting
is the most common component failure. However, if the contamination is still a
relatively high cause of failure, we can presume that filter replacement time (FRT)
must have a strong correlation (r > 0.5, p < 0.01) with MTBF (H2) given the sample
size. Since our focus group comprises the companies utilising hydraulic systems, the
study eligibility criteria consider filter replacement practice regardless of the policy.
Therefore, we set the final hypothesis as (H3): “Maintenance policy does not play a
significant role as a predictor in regression modelling” (with p > 0.05).

This study aims to provide a clear understanding of the maintenance practice
effect on hydraulic MTBF’s with a specific regression model considering predictors
of interest. Three additional research objectives are defined for accomplishing the
study aim: (1) develop a questionnaire-based instrument for collection of empirical
evidence for a defined time-span; (2) determine critical predictors using stepwise
multiple regression (SMR); (3) validate the model through hypothesis testing. The
rest of the study is as follows. Section 62.2 explains the general research model
and methodology used for setting the research context. Section 62.3 depicts the
questionnaire meta-data, failure-related and maintenance-related empirical evidence
on theWest Balkan territory, and the research findings. The final section encapsulates
the research findings and proposes future research agenda.
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62.2 Methodology

The questionnaire-based survey is set for the region of West Balkan territory. The
survey is disseminated to the companies explicitly utilising hydraulic mobile and
industrial machines for servicing and manufacturing purposes. The questionnaire
instrument validation is developed through three stages (Fig. 62.1): (1) survey
design—literature review, determining variables, and expert judgment (panel 1); (2)
survey simulation—setting region, period, and focus group to determine if the survey
is understandable and if variables can be measured (panel 2); (3) survey analysis—
meta-data, data sorting and filtering in respect to eligibility criteria, and evaluation
of empirical evidence collected.

Additionally, companies willing to share the data could bypass the survey if all
the data available is appropriate. As stated, MTBF served as a function for inves-
tigating latent maintenance variables affecting the result. Aside from machine age
(MA), the maintenance variables collected for estimating the influence on MTBF
include maintenance personnel per machine (MPPM), Maintenance Department
Team (MDT), Failure Analysis Personnel (FAP), Filter Replacement Time (FRT),
ConditionMonitoring Sensors (CMS), Oil Replacement Time (ORT), MP andMAP.

Based on the data, we presume that the systems are in a somewhat mean exploita-
tion stage of the bath-tub curve and not in the early (infant) nor wear-out stage since
models show good prediction properties as a linear function. Therefore, with statisti-
cally significant confidence, we can confirm that the MTBF can follow the proposed
model’s linearity if, and only if, the fundamental assumptions are confirmed—
linearity, multivariate normality, absence of multicollinearity and homoscedasticity.
The multivariate normality of regression analysis assumes that the residuals are
normally distributed. Multicollinearity assumes that independent variables are not
highly correlated, which can be confirmed using Pearson’s correlation (<0.80).

2. Survey application1. Survey Design
Problem formulation

Literature review
Determined failures and most 

common factors?

3. Survey analysis

Data analysis (Persons' correlation, Multiple regression modelling)

Y

Determine variables
Maintenance activities 

influencing MTBF of HS?

Relevant variables?

Questionnaire first draft

Academic experts

Improvement?
Y N

N

Final draft

Sent survey draft to small 
samples size of companies?

Expert opinions on the factors 
influencing MTBF of HS?

Simulation of the final 

Industrial experts

Improvemenet?

Verified through sample?

Data is available in the 
company? Variables can be 

measured?

Y

N

Improvemen

Survey start

Survey meta-data

Data sorting and filtering

Empirical evidence

Eligibility criteria?

Exclusion Respondents fail 
to meet exclusion 

criteria.

InclusionRespondents fail
to meet inclusion 

criteria.

Response rate. 
Descriptive statistics. 

Fig. 62.1 Survey design and general research model



620 M. Orošnjak et al.

Homoscedasticity assumes that the error variance is similar across independent vari-
ables. The plot shows if the points are equally distributed around the dependent vari-
able. Finally, to determine themaximum number of predictors used for the regression
model, we used a rule of thumb that a sample should be between 5 and 15 per variable
(predictor).

62.3 Results and Discussion

The survey results show a 37% response rate from 220 companies in the evalua-
tion realised between May 2018 and September 2019 on West Balkan’s territory.
However, after analysing the data and concerning eligibility criteria, 18 respondent
applications were flagged as ineligible. In the final 63 survey applications (1153
hydraulic machines) were eligible for the analysis of which 31 companies were from
the manufacturing sector, while 32 companies were from construction, open- and
closed-mining sectors.

Given the results, the evidence suggests that the most common failures are hoses
and pipes (Fig. 62.2). Thus, to test the claim that the most common cause of failure
is contamination (H1, P ≥ 0.70), we used a z-test statistic for one sample proportion.
The data shows that contamination is responsible for 37.98% of failures as a sum of
contamination due to air, water, temperature, and solid particles (Fig. 62.2).

Thus, the test statistic shows the following results:

Z = P̂ − P√
P·q
n

= 0.3798 − 0.7√
0.7·0.3
1153

= −23.73 (62.1)

The z score shows the p-value <0.01; therefore, we can reject the H1 at a
significance level of at least 1%.

To test the relationship between FRT and MTBF, we used Pearson’s test statistic
(Table 62.1) to determine the correlation between the variables. The results show that

(a) (b)

Fig. 62.2 Most common component failures (a) and the most common causes of failures (b)
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Table 62.1 Pearson’s correlation matrix of potential factors influencing MTBF

MTBF MP MAP MPPM MDT FAP MA FRT

MTBF

MP 0.40***

MAP 0.26** 0.41***

MPPM – 0.06 – 0.05 0.18

MDT 0.18* 0.18* 0.11 – 0.01

FAP 0.48*** 0.37*** 0.13 – 0.06 0.36***

MA – 0.83*** – 0.21* – 0.14 0.18 – 0.02 – 0.36***

FRT – 0.65*** – 0.20 – 0.16 – 0.03 – 0.24* – 0.45*** 0.58***

CMS 0.13 0.04 0.21* 0.11 – 0.10 0.13 – 0.25** – 0.21*

Note MTBF Mean Time Between Failures; MP Maintenance Policy; MAP Maintenance Analysis
Program;MPPM Maintenance Personnel Per Machine;MDT Maintenance Department Team; FAP
Failure Analysis Personnel; MA Machine Age; FRT Filter Replacement Time; CMS Condition
Monitoring Sensor. p-value < 0.01***, p-value < 0.05**; p-value < 0.1*

variables MA, FRT, FAP and MP show a strong correlation (p < 0.01) with resulting
MTBF function, while MAP and MDT show lower tendency with p < 0.5 and <0.1,
respectively. Thus, the value of –0.65 (p < 0.01) shows a high negative correlation
of FRT and MTBF, by which case H2 is proven and accepted as valid.

Displayed results show a low p-value ofMDT,MPPMandMAP, and after running
an SMR in MINITAB and using ANOVA, the coefficients show the p-value > 0.05
and are excluded from the modelling. Besides, we ran a Grubbs test for outliers and
used a scatter plot to check for linearity. The scatter plot shows good linearity, and
the outlier test (G = 1.91) shows the absence of outliers. The second assumption
is to check multivariate normality, i.e. errors of observed and predicted values are
normally distributed (Fig. 62.3—Normal Probability Plot). The third assumption
is to check the absence of multicollinearity, which is proven with no coefficients
between independent variables r > 0.80 (Table 62.1). The final assumption is to check
for heteroscedasticity in the data. The expansion in the model’s linearity suggests
heteroscedasticity, and data, in this case, is homoscedastic (Fig. 62.3—Versus Fits;
Versus Order).

After elaborating and confirming linearity assumptions, a general MLR analysis
model is formulated as:

y = β0 + β1x1 + β2x2 + · · · + βnxn + ε (62.2)

Additionally, for multiple non-linear regression, we used exponential regression
as:

y = exp(β0 + β1x1 + β2x2 + · · · + βnxn + ε) (62.3)
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Fig. 62.3 MTBF residuals testing the predicted and observed value

The y is the dependent variable, xi are independent variables, β i are maintenance
parameters/coefficients, and ε is the error ~N(μ, σ2). MTBFNLR model is an expo-
nential function model, and MTBFLR is a multi-linear model with the function of
MTBF modelled from coefficients in Table 62.1. Since FAP and MP variables are
qualitative expressions, the predictors are categorical (dummy) variables (0, 1). The
resulting models are represented in the following equations.

MT BFNLR = e8.641−0.1119·MA−0.000132·FRT+MP+FAP (62.4)

MT BFLR = 3112 − 0.1052 · FRT − 100.2 · MA + MP + FAP (62.5)

Both models show good R2 and R2
adj values; however, prediction properties of

R2 show a relatively high deviation with the exponential case (Table 62.2). Finally,
we used ANOVA analysis (Table 62.3), showing that MP (p < 0.05) rejects the
hypothesis (H3) and shows that the influence of MP as a predictor is significant in
the case of MTBFLR. In exponential case, SMR excludes candidate predictor MP

Table 62.2 Resulting R2 values for MLR and MNLR optimised models

Model S R2 (%) R2
adj (%) R2

pred (%)

MTBFNLR 0.329 81.45 77.88 69.73

MTBFLR 287.294 83.51 80.34 75.17
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Table 62.3 ANOVA results of coefficients in optimised MLR and MNLR model

Source DF Adj SS Adj MS F-value P-value

Multiple non-linear regression model (MTBFNLR)

Regression 10 24.7028 2.4703 22.83 0.000

FRT 1 0.5450 0.5450 5.04 0.029

MA 1 7.9028 7.9028 73.05 0.000

MP 4 0.8808 0.2202 2.04 0.103

FAP 4 1.2177 0.3044 2.81 0.034

Error 52 5.6258 0.1082

Total 62 30.3285

Multiple linear regression model (MTBFLR)

Regression 10 21,733,903 2,173,390 26.33 0.000

FRT 1 348,134 348,134 4.22 0.045

MA 1 6,338,796 6,338,796 76.80 0.000

MP 4 1,648,447 412,112 4.99 0.002

FAP 4 1,191,207 297,802 3.61 0.011

Error 52 4,291,981 82,538

Total 62 26,025,884

because the p-value > 0.05. The results show that the MP’ coefficients of individual
policies significantly affect (p < 0.05) in improving the R2 of the MTBFLR model
(Table 62.4).

For more in-depth analysis and discussion of MP and FAP coefficients, the data
is given in Table 62.4. There are individually five categorical variables of both MPs
and FAP. The linear model’s function shows that the best policy is CBM, while
other policies show degradation in MTBF given in coefficients. The worst policy for
maintaining hydraulic machinery is DM. We suspect that engineers in redesigning
or modifying the equipment did not consider the MDT and expertise of FAP in
later removal or reducing the equipment failures. The FBM also shows a result of a
574 h reduction in the MTBF indicator. The PM shows a slight reduction of 467 h in
the MTBF indicator, whereas OM shows the lowest 400 h reduction. Indeed, CBM
shows the best performance compared to other policies, suggesting that condition
monitoring in predictive analytics and reducing stoppages plays an important role in
increasing the availability of hydraulic machines.

Considering the FAP, the failure analysis is divided into five categories. The
best performance on the MTBF indicator is if a specialist performs failure analysis.
Engineer show no effect on MTBF improvement nor reduction. Outsourcing failure
analysis shows a reduction of 46 h in MTBF, while if there is no failure analysis
personnel, i.e. if parts are replaced in the “as-good-as-new” approach, the 156 h
reduction MTBF is observed. Finally, if failure analysis performs a technician on the
“as-bad-as-old” basis, the evidence suggests the highest MTBF reduction by 368 h.
Overall, it can be said that accurate analytics plays one of the most crucial roles in
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Table 62.4 MTBFLR model-independent continuous and categorical coefficients

Term Coefficient SE Coeff T-value P-value VIF

Constant 3112 176 17.66 0.000

MA – 100.2 11.4 −8.76 0.000 1.66

FRT – 0.1052 0.0512 −2.05 0.045 1.84

MP

CBM 0 0 * * *

DM – 800 209 −3.83 0.000 1.51

FBM – 574 156 −3.68 0.001 2.68

PM – 467 131 −3.57 0.001 3.07

OM – 400 194 −2.06 0.045 1.71

FAP

Engineer 0 0 * * *

None – 156 134 −1.16 0.251 2.12

Outsource – 46 114 −0.41 0.686 2.19

Specialist 145 157 0.92 0.361 1.62

Technician – 368 128 −2.88 0.006 2.15

Note Maintenance Policies—CBM Condition-Based Maintenance; DM Design-Out Maintenance;
FBM Failure Based Maintenance; OM Opportunity Maintenance; PM Preventive Maintenance.
VIF Variance Inflation Factor. SE Coeff. Standard Error Coefficient

reducing the MTBF of a hydraulic system. Inappropriate failure analysis by unspe-
cialised personnel leads to the escalation of MTBF, or in the cases of a replacement
of the parts on “an as-good-as-new” basis leads to more financial investments.

62.4 Conclusion

The lack of recent studies on the causes of hydraulic failures provoked the authors
to conduct the study. Current findings suggest that contamination is still the primary
cause of failures at a much lower proportion. However, although system overload and
personnel mistakes are considered the causes of failure, an intrinsic relationship with
contamination is present. This is because it is impossible to isolate and provide an
exact reproduction of particular conditions of failure; even though the study included
63 companies utilising 1153 machines, the research may be impeded by the lack of
complete details surrounding failure causes in practice. The fact that FRT plays a
significant role in MTBF reduction stress this implicit causality. Finally, the model
highlights that coefficients (MP and FAP) are statistically significant predictors in
improving the R2

adj value. Further research includes an in-depth exploration of the
causality between hydraulic MTBF and MP on all MDM levels.
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Chapter 63
Automated MIGWelding Application:
An Industrial Case Study

Miguel Ángel Zamarripa Muñoz , Pedro Agustín Ojeda Escoto ,
and Gerardo Brianza Gordillo

Abstract Manufacture companies continually seek to improve processes trying to
save money, in this case, developed equipment has the specific objective to avoid
an industrial manipulator purchase for weld application. Gas metal arc welding
(GMAW) or as called metal inert gas (MIG) is the selected process for welding
a boom arm with irregular geometry. Most versatile method for welding in manu-
facture industry is through an industrial manipulator, not all companies are economy
capable to get this kind of technology. There is cheaper technology like the welding
carriage, but it isn’t capable to follow trajectory changes. This paper shows low
cost equipment (case study) to apply automated and continuously MIG welding on
irregular geometry boom arm. Developed equipment allows to get a continuously
weld bead and is adaptive to the boom geometry. Boom arm has straight and curve
sections along itself and weld should be applied continuously (no overlapping bead)
for product esthetics.Weldment device designwas developed under criteria of design
for manufacturing (DFM) methodology, DFM practices leads to more competitive
products because it directly addresses cost. Finally, weld penetration, porosity and
deformations on armwere the parameters checked after welding having good results.

Keywords Weld · Equipment · Boom

63.1 Introduction

Welding is a metallurgical fusion process, where parts to be joined are brought
together such that heating and solidification results into permanent joint. It is used in
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every large or small industry. In metal products, it is one of the most important fabri-
cating and repairing process. The process is economical, efficient and dependable
as a means of metal joint. MIG (Metal Inert Gas) welding and in the USA known
as GMAW (Gas Metal Arc Welding), is now a widely process used for welding a
variety of materials, ferrous and non-ferrous. In gas shielded arc welding both the arc
and the molten weld pool are shielded from the atmosphere by a stream of gas. The
arc may be produced between a continuously feed wire and the work pieces [1–3].

There aremanymethods forwelding, robotic arcwelding process requires compli-
cated control and sensing techniques applied to various process parameters. These
measures improve repeatability and enhance the quality of welds. Weld penetration
depth is one of the critical weld profile parameters that have significant influence on
fatigue life and structural integrity.

This situation can be observed for load carryingwelds, where the stress concentra-
tion factors at the weld root and weld toe decrease with increasing weld penetration
depth [4].

MIG welding robots are attractive to manufacturers due their versatility but large
investment is required.Welding carriage are capable to automateswelding and cutting
operations, it can increase speed and improve efficiency in production plants, but
this technology has limitations to apply weld bead on irregular geometries. Another
option is welding manually, but the amount of heat in the welded part is higher than
automated welding and error probability is present. When long weld bead is applied
on a part, heat amount is a critical factor to consider, this heating causes deformations
in the part.

In order to reduce the cost of the project and trying to keep automated welding
to guarantee functionality of the part, an equipment capable for applying the weld
bead continuously on a boom arm was developed and is described in this paper. A
coordinate tablewith driving device and torch support was developed for thiswelding
application. The arm to be welded is built on ASTM A36 steel.

63.2 Theoretical Framework

Welding is amanufacturing process in all industries, small or large. Inmetal products,
it is one of the most important fabricating and repairing process. The process is
economical, efficient and dependable as a means of metal joint. The process finds its
applications underwater, space and in air. Why welding is used—Because it is:

• Suitable for small thicknesses to a third of a meter, and
• Versatile, it can be applied to a wide range of component sizes and shapes.

MIG may be operated in semiautomatic, machine, or automatic modes. All
commercially important applicable metals such as carbon steel, high-strength, low-
alloy steel, and stainless steel, aluminum, copper, titanium, and nickel alloys can be
welded in all positions with this process by choosing the correct electrode, shielding
gas and welding variables (see Fig. 63.1).
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Fig. 63.1 Squematic
diagram of MIG welding
process (Chavda, S., 2013)

The welding parameters are selected by operator based on a handbook or experi-
ence. But, this does not guarantee that the selected welding parameters can produce
the optimal weld pool geometry for that particular weldingmachine and environment
[5–7].

In design process, the goal is to develop satisfactory product at the lowest cost.
Welding is a vital approach in design because it is arguably the best joining process
[8].

The arc may be produced between the work and a continuously fed wire. Contin-
uous welding with coiled wire helps high welding speed and high metal depositions
rate. Generally, the filler wire is connected to the positive polarity of DC source
becoming one of the electrodes. Thewelded part is connected to the negative polarity.
The power source could be constant voltage DC power source, with electrode posi-
tive it yields a smooth metal transfer with least spatter for the entire current range
and stable arc [9].

In order to validate weld quality, terms of “fusion” and “fusion depth (penetra-
tion)” should be clarified. The American Welding Society (AWS) defines fusion as
“The melting together of filler metal and base metal (substrate), or of base metal only
which results in coalescence” [10]. Fusion occurs once you have atomic bonding of
themetals. On the other hand, penetration, or properly termed fusion depth, is defined
as “The distance that fusion extends into the base metal or previous bead from the
surface melted during welding”. To obtain the correct weld strength, all welding
requires complete fusion to occur between pieces of metal and filler metal but not
all joints require a large fusion depth or deep penetration [10]. Figure 63.2 shows
fusion depth on a fillet weld.
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Fig. 63.2 Fillet weld (AWS
A3.0 M/A3.0-2020)

63.2.1 Design for Manufacturing (DFM)

The general rules of DFM consist of designing assembly with a minimum number of
parts, standard parts, modular design, and multi-functional parts, making parts stan-
dard for multiple products, maximum surface roughness and tolerance, avoiding
secondary processes, using materials that are easy to manufacture, minimizing
the handling of parts, and setting the guidelines of design and shape. These
general rules focus on the cost and manufacturability of the process, which lead
to uniform/standardized products [11].

The objective to use DFM applied to one particular process is design products
easy to maintain, reliable, in less time and keep it simple [12]. To reach the goal,
there are some principles that design team should keep in mind:

• Minimize number of components,
• Use modular design,
• Use standard commercially available components,
• Design multifunctional parts,
• Design for ease part fabrication,
• Avoid separate parts,
• Eliminate or reduce adjustment required,
• Use wide tolerances,
• Minimize the number of operations,
• Avoid secondary operations,
• Redesign components to eliminate process steps,
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• Minimize operations that do not add value, and
• Design for the process.

63.3 Methodology

Weldment device design focuses on DFM method in order to reduce time and
cost of fabrication (see Fig. 63.3). Modular design, minimizing number of compo-
nents, using wide tolerances, designing for easy part fabrication, number of compo-
nents reduced design for easy assembly, using standard commercially available
components were some of the considerations for project development.

Assembly configuration allows to have multi-functional parts on driven device
and rail supports of platform, generation of left and right hand parts is not required
avoiding bending parts. Wide tolerances on platform allows to save manufacturing
time. Motor, pulleys, bearings and springs were some of the purchased parts on
assembly, all of them are standard components and easy to get them.

On the other hand, about welding, characteristics and advantages provided by
MIG welding were considered [10].

• It can be used in many kind of materials (Carbon steel, Stainless steel, Aluminum,
etc.),

• Continuous electrode, it increases productivity, no waste time changing electrode;
Welding speed is higher than coated electrode,

• Welding can be applied in any position,
• Long weld beads, they can be applied with no overlapping, and
• Slag weld removing is not required.

There are fundamental parameters that should be checked to get a good welding.
Control and adjustment of these parameters helps to get quality on welds. These
variables are: Electric tension, speed wire feed, polarity and protection gas.

Fig. 63.3 Using DFM on weldment device (own production)
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Often, the coordinate tables have motors in the axes to provide the movement, in
this equipment axes X, Y and Z are free. Driven device (cyan) is hanging from the
rail (green) though the yellow part. Conceptual design is shown in Fig. 63.4.

Developed idea was based on the use of a coordinate table, under this method,
driving device has contactwith thewelded part and it is able to copy the armgeometry,
welding torch is located through support arm installed on the driven device, in this
way, torch follows the arm geometry for welding.

Mechanism has three wheels in contact with part, one of them has a compression
spring guaranteeing contact of three wheels anytime (Fig. 63.5), torch is located
on the welding edge through positioning arm. Electronic speed variator on driven
wheel provides speed adjustment. Part cross section changes along arm (Fig. 63.6),
mechanism is adaptive for this geometry and device runs along arm (Fig. 63.5).

Welded part requires 4 long weld beads and the heat on part is a critical factor.
Once the two weld beads on the top of the piece are applied (location #1 and #2,
Fig. 63.6), the piece is turned for the opposite side for welding location #3 and #4

Fig. 63.4 Conceptual design, degrees of freedom (own production)

Fig. 63.5 Adaptive mechanism, different locations along arm (own production)
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Fig. 63.6 Arm cross section (own production)

Table 63.1 Final MIG welding parameters (own production)

Material
thickness (in)

Wire diameter
(in)

Feed speed
(in/min)

Amperes Volts Welding speed
(in/min)

3/16 1/32 285 280 34 38

(Fig. 63.6). Induced heat on part is considerably reduced increasing the welding
speed (see Table 63.1). Weld bead size on welded part is 1/4 inch and the length of
each weld bead is 80 in.

63.4 Results

In order to guarantee weld quality, all welds should be reviewed. In some cases,
the revision involves nothing more than a visual examination by the welder. But,
a good-looking weld does not always guarantee internal quality, so it is important
to make some form of nondestructive testing (NDT). Many different types of NDT
methods exist, the most commonly used ones being ultrasonic testing, magnetic
particle testing, liquid penetrant inspection, radiographic testing and eddy current
testing. Liquid penetration testing is an inspection for examine, interpretation, eval-
uate and indication surface open defect of the good surface condition tested metallic
and non-metallic material that coated penetrant with a visible or fluorescent dye for
prevent product, component and structure failure caused performance of erosion,
wear, fatigue crack, shrinkage crack, shrinkage porosity, corrosion and creep [13].
This type of testing is limited to the detection of surface-breaking discontinuities
or discontinuities that are open to the surface where the penetrant has been applied
(Fig. 63.7).

Liquid penetration inspection was applied to the arm welds and there were no
discontinuities detected. Having finishedNDT, armwas cut perpendicular to welding



634 M. Á. Z. Muñoz et al.

Fig. 63.7 Liquid penetration
testing procedure
(ASTM-E165)

direction by using a closed circuit saw cooled by boron oil in order to warranty the
fusion on the joints, cut surfaces were polished and was put nitric acid (HNO3) to
visualize the joint. A weld’s strength is determined by achieving complete fusion of
materials. Complete fusion between welded parts was validated and a penetration of
2 mm was found as additional parameter. Table 63.1 shows the final parameters for
welding.

Methodology of DFM brought great benefits on project, wide tolerances and easy
part fabrication provided the greatest benefits on project, saving time and money.
Reducing number of components helps to save time on drawings generation and
assembly analysis.Using standard commercially components provides the possibility
to have spare parts available if necessary.

63.5 Conclusion

Saving time and cost is an essential consideration in design. In this paper, obtained
results shows a practical automated MIG welding application on manufacturing
industry. For company, this project represents significant savings avoiding an indus-
trial manipulator purchase. One of the best practices in design is “keep it simple”, and
the intention of this paper is show it as a case study. Using this equipment, company
saved about 15,000 USD avoiding industrial manipulator purchase.
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Chapter 64
Application of Ergonomic Principles
in Solving Workplaces in Industrial
Enterprises in the Slovak Republic

Petra Marková and Vanessa Prajová

Abstract The basic idea of proper workplace design is that the workplace needs to
be adapted to human needs and not to be adapted to the needs of technology. At the
same time, it is necessary to start from the idea that there is no reason for a person to
be in pain at work. Findings from various studies point to the significant impact of
work and working conditions on the occurrence of difficulties of the musculoskeletal
system of employees. These difficulties occur in high times in workplaces with older
equipment but also in workplaces with modern equipment. By respecting the basic
ergonomic principles in the solution of workplaces, we can effectively prevent the
occurrence of cumulative risk factors affecting employees and causing a decrease in
work performance, painful syndromes, and the overall well-being of employees. It
turns out that, in general, there is little correct information among employees about
the possibilities of individual adaptation of work and working conditions at work-
places. Employees do not know the causes of their problems, which are often related
to the areas of anatomy and physiology. The issue of work positions is not clearly
characterized in the commonly available literature. The paper examines whether in
Slovak industrial companies there are respected principles of ergonomics in work-
place solutions. It also describes the consequences of non-compliance with these
principles on the difficulties and health of exposed workers.

Keywords Workplace · Ergonomics · Employees

64.1 Introduction

The aim of ergonomics is to maintain health, i.e. physical, mental, and social satis-
faction of a person, to create conditions for optimal human activity, as well as to
create a feeling of well-being in the workplace [1].
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The importance of ergonomics lies mainly in the provision of materials and
proposals for the design, construction, and rationalization of relationships in the
system man-machine-environment [1].

The subject of ergonomics research is, in thefirst place, the humanbeing. It follows
that the ergonomic principles of designing workplaces and the working environment
are aimed at improving human participation in the work process [1].

Creating a workspace that meets the demands and needs of a person in all respects
is a demanding process that requires not only technical but also ergonomic knowl-
edge. The better the workspace is adapted to the intendedwork of a person, the higher
the culture and productivity of his work [2].

The basic aspect in assessing and creating new workplaces is a person with his
physical andmental capabilities and abilities. Therefore,when designing aworkplace
correctly, it is necessary to carefully evaluate the factors influencing the creation of
the workspace, use the knowledge from their analysis, and analyze secondary factors
that may or may not affect the workplace [2].

The main principle for achieving the greatest possible working comfort when
designing a suitable workplace is to constantly evaluate the possible presence of
adverse effects and to implement sufficient measures in timely measures. It is, there-
fore, necessary to eliminate harmful, disruptive, and annoying effects. The legislation
stipulates that the employer must create suitable and healthy working conditions for
his employees [3].

When designing a workplace, it is necessary to pay attention to the factors
that affect the occurrence of difficulties in the human musculoskeletal system, and
especially [2]:

• Choosing a suitable working position,
• Determining the optimal working height,
• Determination of optimal visual conditions at work,
• The optimal solution for work seats,
• Optimal handling space,
• Use of the principles of economics of work movements,
• Suitable deployment notification and controls,
• Functional consistency,
• Principle of optimal distribution,
• Principle degree of importance,
• Principle of sequential use.

It is appropriate to state the characteristics of the workplace in connection with
any regulation of activity at the workplace. These data should be part of the labor
standards and should be revised before any intended change of workplace [4]. If
there is a change at this level, it should always follow the new ergonomic assessment
of the workplace [5].

The method of performing work is based on the possibilities given by the work-
place.Defining labor standards is a process offinding themost suitable knownmethod
of work. The standard created should take into account occupational safety and
ergonomics. The standard determines the level of work performance and well-being
in the workplace [2].
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64.2 Material and Methods

In preparing the paper, we use the material that was collected in industrial enterprises
in Slovakia Assoc. Prof. Hatiar and the team of refugees cooperating with him. Data
were collected through a special “NordicQuestionnaire”. The questionnairewas used
to monitor and evaluate the impact of work and working conditions on employees in
Slovak companies [6, 7]. A significant part of the data was obtained within the work
of the occupational health service Probenefit [8]. Furthermore, the research mate-
rial was obtained through diploma and dissertation theses of students of the Faculty
of Materials Science and Technology in the study fields “Industrial Management”
and “Personnel work in industrial companies”. The obtained data were processed
by epidemiological methods of a retrospective cohort and a cohort study on the
incidence and intensity of difficulties and diseases of the musculoskeletal system as
indicators of workplace deficiencies and working conditions in terms of ergonomics
[8]. In addition to the epidemiological analysis, the results were confronted with
physical observation of the evaluated workplaces, interviews with the employees
concerned, evaluation of video recordings of work cycles in specific operating condi-
tions. Another basis for the elaboration of the article was the analysis in 51 industrial
enterprises in Slovakia through the Evaluation Form consisting of critical points or
critical situations in terms of ergonomics in the company, where one of the evalu-
ated areas is the issue of workplace solutions [9]. We also confronted the results of
surveys in industrial companies in Slovakiawith the outputs of the EuropeanWorking
Conditions Survey (EWCS). The results of research by foreign authors were also an
important source for evaluation.

64.3 Results

In the data from the European Working Conditions Survey (EWCS), we focused on
manual workers in Slovakia with regard to their qualifications, which they need for
work performance. We assessed what percentages of employees perform work in
a sitting position, their work demanding compliance with quality standards works,
whether their work performs work activities that are forced to perform in painful or
tiringworking postures.We also investigatedwhether, for a group ofmanualworkers,
job rotation is applied to reduce work monotony and the ability to vary the working
position at work. The results of the survey show, as we can see in Tables 64.1 and
64.2, that the possibility of job rotation as a tool to improve working conditions at
the workplace is not sufficiently used for manual workers.

It is clear from the results of the survey that manual workers in Slovak industrial
companies perform their work mainly standing up and at the same time their work is
demanding to complywith quality standards.When it comes toworking in unnatural,
painful, and tiring working positions, the situation is average. For more than half of
low-skilledmanualworkers do not occur and less than half of highly qualifiedmanual
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Table 64.1 Selected factors of working conditions for manual workers in the Slovak Republic
according to the EWCS of working conditions [10]

The monitored factor of the European
working conditions survey

Job position—manual worker

(Almost)
all-time %

(Almost) never
%

Between 1/4 and
3/4 time %

Competence Competence Competence

Low High Low High Low High

Sitting at work 22 14 52 67 26 20

Work by high-quality standard 64 88 36 12

Work in painful and tiring postures 8 14 53 39 39 46

Table 64.2 Evaluation of the possibility ofwork rotation formanualworkers in the SlovakRepublic
according to the EWCS [10]

Factor Job
position—manual
worker

Autonomous
rotation of
fixed tasks in
%

Autonomous
multitasking
in %

Management-driven
job rotation in %

No job
rotation
in %

Possibility
of job
rotation

Low competence 1 2 11 54

High competence 0 4 32 61

workers were experience painful and tiring working positions 1/4 to 3/4 of the work
changes.

Another source for assessing respect ergonomic principles in resolvingworkplace,
the survey, which was realized in 51 industrial companies in Slovakia. Companies
were selected at random, regardless of their size and the industry type in which they
operate. However, most of them are companies from the engineering and automotive
industry. In the survey, the workplaces of manual workers were assessed. The survey
shows that most companies adhere to the monitored parameters, even if there are
shortcomings, as we can see in Table 64.3.

The most significant shortcomings appear to be that more than 40% of the moni-
tored companies do not consistently apply the placement of the working height at
the level of the elbow of employees, which is the most suitable for long-term optimal
work performance. From the point of view of respecting the physical dimensions of
the employees, workplaces are adapted more to the higher employees. Also, up to
35% of companies have reserves in the setting of optimal reach levels for frequently
used materials, controls, and tools that the employee uses at work. In the monitored
companies, there were shortcomings in the possibilities of changing work positions
during work, and employees also do not have the opportunity to rest during a short
work break in a different working position than the one in which they also work.
Although shortcomings were identified in less than half of the enterprises surveyed,
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Table 64.3 Factors of the solution of workplaces in industrial companies of the Slovak Republic

Factor in solving workplaces Companies without
shortcomings (%)

Companies with deficiencies in
workplace solutions (%)

Working height for each employee
at elbow height

58.8 41.2

Adaptation of the workplace for
employees of lower figures

64.7 35.3

Adapting workplaces for
employees higher figures

74.5 25.5

Frequently used materials, tools,
and controls in the workplace
within easy reach

64.7 35.3

Multi-purpose, stable work surface
for every workplace

90.2 9.8

Comfortable standing on both legs
and near the front edge of the
handling plane of the workplace
for standing work

94.1 5.9

Possibility to change working
position during work
(sitting—standing)

64.7 35.3

Possibility of short breaks at work
in standing and sitting position by
changing working position

58.8 41.2

Possibility of individually
adjustable chair with backrest for
sitting work

70.6 29.4

there are still industrial companies that not consistently apply ergonomic princi-
ples in workplace solutions. Consequently, there may be the occurrence of muscu-
loskeletal difficulties of company employees, and by long-term exposure also the
emergence of painful syndromes in employees. Which results in a decrease in their
work performance, followed by quality and volume of production.

Table 64.4 shows the development of localization of intensive musculoskeletal
difficulties in total of 4419 employees in industrial companies in the Slovak Republic
in the last years, which were processed in the health service Probenefit, both overall
and also depending on the prevailing working position sitting and standing. Based
on this research it was found that in a ratio of about 3:1 the work activities performed
by the posture prevail in standing in comparison with the occurrence of the work
performed by sitting down [8].

The results of research carried out in Slovak industrial companies can be classified
according to severity as overall intense musculoskeletal difficulties, which are most
projected in the area of crosses, palms and hands, the area of the neck, back, ankles
and feet, followed by knees and shoulders.
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When comparing the research results in Table 64.4 in terms of the predominant
working position, there are statistically significant differences in musculoskeletal
difficulties projected into the body parts. When working while sitting, these are
mainly:

• Neck—the difficulties related to insufficient vision conditions at work, suggest
work when turning the head will lead to deterioration of work performance,

• Shoulders and upper back—the difficulties indicate a high holding of the elbow
at work, the handling plane of the operator is too high and does not correspond to
the range and weight of the objects he is handling.

When assessing the research results in Table 64.4 for standing work, it is possible
to determine the order of intensive musculoskeletal difficulties projected into body
parts as follows:

• Crosses—difficulties indicate the occurrence of rotations and deep forward bends,
long reach distances in forced working positions and high working pace,

• Palms andhands—difficulties indicate thehandlingof too small or, on the contrary,
larger and heavier objects at a high pace and often in a forced working position,

• Knees and ankles—when working while standing, this means a lack of opportu-
nities to relax while sitting,

• Elbows, hips and thighs—are not a problem when working in a standing position,
but the results are statistically significant compared toworking in a sitting position.

64.4 Discussion

In Slovakia, work-related problems and disorders of the musculoskeletal system,
together with respiratory diseases, are among the most common causes of doctor
visits and incapacity forwork [8]. It should be noted that the incidence ofwork-related
musculoskeletal difficulties and illnesses is also gradually showing a negative impact
on the psyche [11]. This constitutes a complication in the secondary and tertiary
prevention of the above-mentioned health andmental impacts on the employee. There
are a number of factors that are at risk for musculoskeletal disorders and diseases,
the negative impact of which is already proven by long-term epidemiological studies
[6, 12].

In industrial practice, it often happens that the dimensions and design of work-
places are not in accordance with the physical dimensions of the adult population in
Slovakia. This is due to the fact that many foreign-owned companies comewith tech-
nology from the parent company, and therefore workplace solutions can be designed
with a population of other body dimensions in mind [13].

From the surveys carried out, it is clear that there are shortcomings in industrial
companies in Slovakia in respecting ergonomic principles in solving the workplace.
Employees often do not have the opportunity to change their working position, there
are shortcomings in the arrangement of work items and the workplace itself. From
the results of ergonomic analyzes in companies in Slovakia, it can be stated that in
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the field of work organization, the most gentle procedures for the implementation
of new automated and automatic technology to protect the health of employees are
not currently used. At the same time, it should be noted that in Western Europe,
labor standards for the same type of work are much lower than in Eastern European
branches.

Companies are trying to address ergonomic shortcomings in the rationalization
of work in a purely virtual way, which, however, is not sufficient to determine the
real impact of the proposed measures.

64.5 Conclusion

Improperly designed workplace solutions limit the ability to adhere to ergonomic
principles when performing work. This has an impact on the health of workers
working in such workplaces. It is necessary to evaluate the possible risks and adverse
effects on employees during use but also changes in the workplace. At the same time,
it is necessary to inform exposed employees about the risks and pay attention to the
implementation of corrective measures for workplaces that show shortcomings in
terms of ergonomics. Various tools are available for this, from simple checklists to
virtual reality tools, the use of ergonomic consulting services, or the creation of a
team at the company level. Any path that leads to increased performance and comfort
in the workplace is the path in the right direction.
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Chapter 65
Impact of Long-Term Sitting
on Productivity, Burnout, and Health:
Employees’ View on Workplace
Ergonomics

Mihalj Bakator , Eleonora Desnica, Milan Nikolić, and Ivan Palinkaš

Abstract The main purpose of this research is to determine the impact of chair
ergonomics, posture, and long-term sitting on employee productivity. Furthermore,
the paper addresses the relationship between workplace ergonomics, prolonged and
continuous sitting, employee burnout, and employee health. A structured survey was
used to evaluate employees in manufacturing and service industries. The obtained
data was analyzed with reliability statistics, regression analysis, and correlation anal-
ysis. The results are interesting, and contradict the majority of the existing findings
in this domain. Even though there are limitations, this current study addresses work
environment ergonomics in a concise way, providing significant and unexpected
results.

Keywords Workplace ergonomics · Employee productivity · Sedentary jobs

65.1 Introduction

Sedentary lifestyle is the new norm and prolonged sitting can cause lumbar discom-
fort and pain [1], which negatively affect overall health, work ability and quality
of life [2]. In addition, prolonged sitting is a major risk factor for musculoskeletal
disorder development. Sitting and standing without freedom to change position is a
source of health problems in the modern-day workplace [3]. Breaking up sedentary
time has a positive effect on long-term sitting discomfort [4].

Based on these research findings, it is evident that long-term sitting is a big
health risk that managers have to regulate. The existing literature in this domain
provides mainly objective data which includes various measurement instruments
of the spine and other metrics regarding sitting or standing positions and levels
of discomfort. Now, objective measurements are certainly significant and are the
cornerstone of workplace ergonomics research. However, subjective research, or
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more precisely, employees’ views on workplace ergonomics are also an important
metric. With objective measurements, subjective bias is inevitable. With subjective
research, such bias is expected. Such subjective studies on workplace ergonomics
are scarce. This may pose a problem, as subjective observations can provide also
valuable insight on how employees perceive workplace ergonomics.

This paper aims to fill this gap by analyzing the influence of long-term contin-
uous sitting on employee productivity. In addition, employee health, and employee
burnout are analyzed. The paper begins by approaching, and analyzing the existing
literature. Scientific articles in the domain of workplace ergonomics, long-term
sitting, employee health, employee burnout, and employee productivity are analyzed.
Further, descriptive statistics is conducted in order to determine the average values,
and standard deviation values of the measured items. Next, the internal consistency
of the measured items is analyzed. In addition, regression analysis, and correlation
analysis are used to investigate the relationships between the measured variables.

65.2 Theoretical Background

Ergonomics as an interdisciplinary field is present in a large number of domains and
it can be related to human performance [5].When it comes to workplace ergonomics,
long-term continuous sitting increases employee discomfort [6]. Prolonged sitting
has a negative impact onmortality, and chronic diseases [7]. Complementary to those
findings Wilks et al. [8], argued that height modifiable desks resulted in improved
productivity opposed to fixed desks.

Further, in 2016 a complex, and in-depth research [9] of prolonged sitting, and
discomfort was conducted. In their research, they noted that prolonged sitting results
in chair movement to compensate the occurring, and growing discomfort. I addition,
it was also discussed that the longer the continuous sitting, the higher the number of
in chair movements, thus indicating a higher level of discomfort. A major influen-
tial factor on prolonged sitting discomfort, and productivity is the chair design [10].
Undoubtedly, there is a negative influence of continuous sitting on health, and produc-
tivity. Workers in offices, in the automobile industry, and electric cables industry,
are at high risk of developing the mentioned negative effects of prolonged sitting.
Continuous sitting caused hand/wrist, upper back, and lower back pain, as well as a
substantial decrease in productivity. It also increases the number of errors at assembly
lines [11]. However, changing positions from sitting to standing in predetermined
periods of time, reduced the negative effects.

Furthermore, Despres [12] examined the negative effects of sedentary behavior,
and noted that there is a higher risk of chronic metabolic, and cardiovascular disease
in workers that sit for longer continuous periods of time, in opposite of workers who
have a more active jobs.

In this research, employee burnout correlated to continuous sitting is investigated.
Employee burnout manifests itself as emotional exhaustion, depression episodes,
impaired personal sense of accomplishment, and self-achievement [13]. It was found
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that the literature on employee burnout, and long-term continuous sitting relationship
is very scarce. Therefore, in this paper the correlation between continuous sitting,
and employee burnout will be researched.

Literature that addresses various forms of prolonged sitting [14], and office
ergonomics [15], are more focused on health issues of workers, rather than produc-
tivity, and employee burnout with correlation to continuous sitting [16]. Therefore,
in this research the relationships between employee burnout, employee health and
productivity is also examined.

65.3 Methodology

65.3.1 Research Framework

On Fig. 65.1, the structural framework of the research is presented. The researched
relations between the dependent variable (Employee productivity), and independent
variables (employee burnout, time spent sitting in continuity, employee health) are
presented. In addition, the effect of time spent sitting in continuity on employee
burnout and employee health is observed. Finally, the effect of employee burnout on
employee health is also addressed.

Based on the above mentioned literature analysis, and the goal of this paper, the
following hypotheses are analyzed:

• H1: Employee burnout is in a negative relation with employee productivity.
• H2: Time spent sitting in continuity is in a negative relation with to employee

burnout.
• H3: Employee health is in a positive relation with employee productivity.

Fig. 65.1 Research
framework
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• H4: Time spent sitting continuity is in a statistically significant relation with
employee burnout.

• H5: Time spent sitting continuity is in a statistically significant relation with
employee health.

• H6: Employee burnout is in a statistically significant relation with employee
health.

The effects of time spent sitting in continuity and other factors in hypotheses 4, 5,
and 6, are proposed as a statistically significant relation, rather than positive relation
due to the assumptions derived from the existing body of literature.

65.3.2 Research Phases and Data Analysis

The first phase of the research included the development of a concise survey based
on similar studies in this domain. Afterwards, the surveys were distributed online to
workers who have sedentary jobs in various industries. The obtained data was stored
in Excel spreadsheets.

Next, in the second phase of the research, the obtained data was analyzed. First,
to ensure internal consistency of the items, a reliability test was conducted to deter-
mine the Cronbach’s alpha values. Further, descriptive statistics was used to present
the standard deviation, and mean of the items according to the measured dimen-
sions. Next, regression analysis was conducted to describe the influential relation-
ship between the dependent and independent variables. Additionally, the influences
between the independent variables are observed through separate regression anal-
yses. Finally, a correlation analysis was used to show the correlation between the
measured dimensions.

The third phase of the research included the analysis and discussion of the obtained
results. As every research approach has limitations, this one is no exception. First, the
there are differences between various sedentary jobs, especially in various industries.
In this study the data from all industries are observed as whole. A positive side could
be that there is less bias when it comes to addressing time spent sitting in continuity
and productivity. For future research it would be interesting to address data from
employees in different industries and compare them. The second limitation is the
application of regression analysis for addressing hypotheses 4–6. These relations
should be viewed as separate notions from hypothesis 1–3.

65.3.3 Sample and Variables

The sample included 146 respondents, mainly office workers, and people with seden-
tary jobs in various industries including: banking, car manufacturing, shoemakers,
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etc. The survey was designed according to similar research in this domain [17] and
through the creative process from the authors of this paper [18].

Next, the survey included 32 items from which 25 were seven-point Likert scale
items. (1—Totally Disagree; 7—Totally Agree). The investigated variables were:
time sitting in continuity, employee health, employee burnout, and employee produc-
tivity. The noted variables were measured via self-assessment of the respondent.

65.4 Results

The results of the descriptive statistics are given in Table 65.1.
Furthermore, the regression analysis is conducted. Time sitting in continuity,

employee burnout, and employee health are independent variables, while employee
productivity is the dependent variable. Table 65.2 shows the results of regression
analysis.

Further, in order to test the hypothesis H4 and H5, TSC is noted as the independent
variable, while EBO and EHT are viewed as a dependent variable. The results are
presented in Table 65.3.

Next, in order to test the hypothesis H6, EBO is noted as the independent variable,
while EHT is viewed as a dependent variable. The results are presented in Table 65.4.

Next, the results of the correlation analysis are presented in Table 65.5.
In the discussion section, the obtained results are analyzed.

Table 65.1 Descriptive statistics

Variable Min Max Mean Std. Dev

Time spent sitting in continuity (TSC) 1 7 4.39 2.09

Employee burnout (EBO) 1 7 3.95 2.26

Employee health (EHT) 1 7 4.74 2.09

Employee productivity (EP) 1 7 4.24 2.29

Table 65.2 Regression analysis (for hypotheses H1, H2, and H3)

Dependent Var Independent Var β R2 p-value

Employee productivity (EP) Time spent sitting in continuity (TSC) 1.020 0.008 <0.0001

Employee burnout (EBO) 0.256 0.108 <0.0001

Employee health (EHT) 0.876 0.221 <0.0001
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Table 65.3 Regression analysis (for hypotheses H4, and H5)

Independent Var Dependent Var β R2 p-value

Time spent sitting in continuity (TSC) Employee burnout (EBO) 1.020 0.188 <0.0001

Employee health (EHT) 0.922 −0.111 <0.0001

Table 65.4 Regression analysis (for hypothesis H6)

Independent Var Dependent Var β R2 p-value

Employee burnout (EBO) Employee health (EHT) 0.844 −0.106 <0.0001

Table 65.5 Correlation analysis

Variables TSC EBO EHT EP

Time spent sitting in continuity (TSC) 1.000

Employee burnout (EBO) −0.040 1.000

Employee health (EHT) 0.015 0.338 1.000

Employee productivity (EP) −0.036 0.667 0.356 1.000

65.5 Discussion

In this research paper the influence of prolonged sitting in continuity on employee
productivity was analyzed. In addition, employee health, and employee burnout
were measured. The regression analysis results indicate that there is no relation
between time spent sitting in continuity (TSC) and employee productivity (EP) (R2 =
0.008). Further, there is insignificant relation between employee burnout (EBO) and
employee productivity (EP) (R2 = 0.108). Weak relation between is noted between
employee health (EHT) and employee productivity (EP) (R2 = 0.221).

Furthermore, the results of the regression analysis where TSC was noted as the
independent variable, while ETH and EBO were observed as dependent variables
(two separate regression calculations were made), indicate that there is a statistically
significant influence of TSC on ETH and EBO, however this influence is weak as the
regression values for EBO, and ETH are R2 = 0.188 and R2 =−0.111. The situation
is similar with the influence of EBO on ETH, which is statistically significant, but
weak (R2 = −0.106).

The correlation analysis results indicate interesting results. Employee burnout is
positively correlated with employee productivity (EP), with a correlation coefficient
of 0.667. Positive correlation was also noted between employee health (ETH) and
employee productivity (EP)with a correlation coefficient of 0.356.Now, the proposed
hypotheses are addressed:

• H1: Employee burnout is in a negative relation with employee productivity. did
not gain support.
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• H2: Time spent sitting in continuity is in a negative relation with to employee
burnout. did not gain support.

• H3: Employee health is in a positive relation with employee productivity. failed
to reject.

• H4: Time spent sitting continuity is in a statistically significant relation with
employee burnout. is supported.

• H5: Time spent sitting continuity is in a statistically significant relation with
employee health. is supported.

• H6: Employee burnout is in a statistically significant relation with employee
health. is supported.

The hypotheses were constructed in accordance with a logical and analytical
approach and are based on the theoretical background. It is rather interesting how
the research came up with such non-expected findings. Nevertheless, the study was
able to demonstrate how some of the measured factors are in relationship with each
other. This is indeed significant for future research.

65.6 Conclusion

In conclusion, the results are unexpected, as two of the three analyzed hypotheses
did not gain support. This paper significantly contributes to the vast literature on
workplace ergonomics, and sedentary job risks. Even though, the results are not
complementary with the suggested hypothesis, the research itself provides a signifi-
cant insight into this complex domain. There is room for improvement. Further, it is
necessary to address the type of work theworkers are doing, because highly dynamic,
stressful work may have a stronger influence on employee productivity, burnout and
health.

The findings may be the result of different non-measured factors, including
specific sedentary job type, organization size, type, and even organization culture.
It sure will be interesting to address, and broaden this research in the future.
Even though, there are some relations noted between variables, they don’t indi-
cate and don’t support the research hypotheses. Therefore, it is necessary to address,
and isolate major influential factors in workplace environments, in order to surely
determine the negative impact of long-term sitting.

To summarize, it is recommended to define other factors which may affect
employee productivity, employee burnout, and employee health. Thisway, the impact
of long-term sitting can be more precisely defined. It is quite interesting, that the
findings in this paper negated the possible negative influence of long-term sitting on
employee health. Therefore, a future research in this domain is suggested.
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Chapter 66
Geometrical Considerations
of Air-Conditioner Vent Arrangement
in a Farm Tractor Cab

Dragan Ružić and Tanasije Jojić

Abstract The forced convection is the main mode of farm tractor operator’s body
heat exchange in hot aswell as in cold conditions. Tractor cabs have an air distribution
system with air vents, whose position is important in terms of proper air distribution
inside the cab and around the operator’s body. In this paper amethod for determination
of potential positions of the air-conditioner vents inside the farm tractor cab using
CAD software CATIA is presented. The criterions are based on the operator’s body
geometry, the air jet characteristics, air flowdemands aswell as cab interior geometry.
The resulting intersections of geometric requirements show the way of arrangement
of the vents that would be in compliance with defined constraints.

Keywords Farm tractor cab · Ventilation · Thermal comfort · CAD

66.1 Introduction

Amodern farm tractor cab is designed to protect an operator and to provide comfort-
able environment, since the conditions inside farm tractors affect the health, perfor-
mance and comfort of the operator. A system for tractor cab air conditioning is
significant energy consumer, therefore influencing overall tractor economy and/or
range, like in any other vehicle [1, 2]. Since the forced convection is themainmode of
the operator’s body heat exchange, apart from energy consumption the conditioned
air distribution strongly affects an operator’s thermal sensation and comfort. Tractor
cabs have an air distribution system with air vents (outlets of the ventilation system)
placed in front of the operator or at the ceiling. The vents are mostly of circular
cross-section. The air velocity, direction of the air jet and the air temperature should
be under control of an operator.

Airflow from the HVAC system, characterized by spatially distributed local air
velocities and air temperatures, influences local and overall microclimate conditions,
consequently the heat loss from the operator’s body. The heat loss should be such as
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to provide a feeling of thermal comfort. Additionally, the fresh air must be supplied
into the operator’s breathing zone, but without dry-eye discomfort.

An analysis of the influence of different air distribution designs on cooling the
operator’s body under the same other conditions using CFD technique is presented
in research published by Ružić et al. [3]. Among different cases, the largest heat loss
from the whole body was obtained in the system with the nozzles on the dashboard.
However, the results show that setting of direction have more significance for total
body heat loss than positioning of the nozzles (e.g. on the dashboard or ceiling). In
the study done by Oh et al. [4], thermal comfort was simulated using CFD software
through flow analysis. The vent arrangements were based on the actual location of
the air conditioner vents in the tractor cab: the ceiling, dashboard and side pillar.
They concluded that the lowest kinetic energy loss in the flow field was achieved
when the vents are positioned on the dashboard. In the papers [5, 6] a comparison of
three different arrangements of the air distribution system in the farm tractor cab is
presented. The research was done on the virtual models of the cab and the operator,
using the CFD software. The results show that design with four vents or design with
a perforated opening on the ceiling have better performances than the design with
three vents in terms of convective heat loss distribution and control.

This paper presents a method for determination of potential positions of the
air-conditioner vents inside the farm tractor cab in relation to the operator’s body.
Geometrical constrains based on air jet characteristics, air flow around human body
demands, anthropometry, visibility and cab interior geometry were considered.

66.2 Characteristics of Air Jet

In a quiet uniform environment, around the human body an upward free convection
flow exists, whose characteristics depends on body posture, surrounding air tempera-
ture, etc. At comfortable room air temperature a flow from the front of the body with
a mean velocity as low as 0.1 m/s will disturb the free convection flow and above
0.2 m/s will penetrate this layer [7]. Standard ASHRAE 55-2009 suggests elevated
air velocities up to 1.2 m/s, to increase the maximum temperature for acceptable
comfort, if the air speed is under the control of an exposed person. These values
could be applied to a lightly clothed operator (0.5–0.7 Clo) with metabolic rate
between 1.0 and 1.3 Met [8, 9]. Exposure to the direct air flow from the vents is used
when intensive heat exchange is necessary, like during the heat-up or cool-down
regimes.

Air can be discharged from circular or rectangular vents with grilles or rela-
tively large perforated panels. The circular vents have less turbulence and less non-
uniformity than rectangular vents [7]. In this study the air jet was treated as an
isothermal. The velocity distribution in a non-isothermal jet is similar to that in an
isothermal jet [7].

The length of the jet potential core region is around 4–6 opening diameters
where the maximum velocity (temperature in the case of a non-isothermal jet) of
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Table 66.1 Distances from
vent opening to target surface
based on jet behaviour and
vent diameter

Vent diameter, DV (m) 0.04 0.12

Jet core (m) 0.24 0.48–0.72

Jet transition (m) 0.24–1.00 0.72–3.00

the airstream remains practically unchanged [10]. The body surface is usually at a
greater distance than the potential core. The highest velocity is along jet centerline
and this will be taken as a reference target velocity. In transition region (up to 25
opening diameters [10]) the air velocity (m/s) in a jet at distance x (m) is proportional
to x–0.5 [10].

In the developed zone the air velocity (m/s) and temperature at distance x (m) from
circular opening of area AV (m2) are proportional to x–1 and depending on the type
of opening [10, 11]. At distance r (m) from the centreline air velocity is decreasing,
in dependence of r, x and, of course, type of opening [10, 11].

Chosen characteristic dimensions of typical vents (DV ) are in 40–120 mm range.
Calculated values of some characteristic distances between the vent and the body
surface that will be considered in this research are given in Table 66.1.

66.3 Hand Reach Range

Air jet direction is changed by adjusting the vent by hand. This control is considered
to be not critical and the adjustment can be done by the hand and arm movements
with comfortable shifts of the upper body with slight rotation or with changes of
posture from the seated position, while the body remains in contact with the seat.

Hand reach range in this study is taken from the standard for commercial vehicle
driver’s place (standard ISO 16121-3 [12]). The hand reach ranges are considered as
two forward-facing hemispheres of 750 mm radius. The centers of the hemispheres
are in shoulder points.

66.4 Design Recommendations and Constrains

Summary of air jet characteristics, anthropometrical parameters of the tractor oper-
ator and recommendations for efficient air distribution systemand personalized venti-
lation, that are to be used in geometrical consideration of vent arrangement, are as
follows:

• Vent direction has more significance to total body heat loss than the positioning
of the vents [2]: primary position is based on normal projection on target surface
because of high heat transfer coefficient [13].

• The boundary conditions and/or need for local heat loss from the body are not
uniform [5, 6, 14]: more symmetrically arranged vents are necessary.
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• Large round vent cross-section is preferable because of an air flow with a uniform
velocity profile and low turbulence [6].

• Theminimum target surface air velocity is 0.3 m/s [7], except the face zone where
air velocity should be 0.3 m/s maximum [15].

• Operator’s breathing zone should be in the core zone of air flow to be supplied
with clean fresh laminar air flow [7].

• Body surface should be within the transition zone in order to accurate control air
velocity (and temperature as well).

• Since the vent direction is manually adjustable (even in systems with automatic
control), the vents should be within the hand reach.

Due to the complexity of human body geometry, these requirements would be
too difficult to define analytically. For this reason, 3D geometrical model built in
software CATIA was used to generate spatial surfaces suitable for vent positioning.
Chosen values of offset from the operator’s body surfaces are:

• 0.24 m (DV = 0.04 m) to 0.48 m (DV = 0.12 m) for supplying of breathing zone,
• 0.48–0.75 m for body exposure to air jet transition zone (DV = 0.04–0.12 m).

A minimum internal clearance inside the cab is according to standard ISO 4252
[16]. Boundaries of internal space of a typical farm tractor cab are also presented in
simplified shape [17].

Besides airflow characteristics and structural requirements for positioning of
vents, forward view field must be considered too. Operator’s field of vision in farm
tractor is defined according to UN ECE regulation R71, where allowed sizes of
obstructions are given [18]. In this research, only a part of the field that corresponds
to the proposed direct area of vision is taken as a constraint where should not be any
obstructions. According to the regulation, the field of vision in lateral direction must
also have a minimum of obstructions.

66.5 Results and Discussion

Model of the sitting operator, as well as entire geometrical analysis, was made in
CAD software CATIA.Dimensions of the operator’s bodymodelwere retrieved from
the database of CAD program CATIA, for 50-percentile male [19]. Surfaces suitable
for vent location are generated using CAD as an offset from the body segments:
trunk as a largest surface, head—breathing zone, upper legs, and lower legs. Only
potential vent locations that are in front of an operator are considered. Some of the
cab boundaries and vent location surfaces are shown only for right hand side (RHS),
in order to simplify graphical presentation.

Geometrical constraints derived from minimum and standard operator’s space
inside the cab as well right hand reach envelope are shown in Fig. 66.1. Spatial
surfaces for potential vent location derived as an offset from chosen body surfaces
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Fig. 66.1 Boundary conditions: 1, 2—minimum space inside the cab (RHS only), 3—right hand
reach range, 4—direct area of vision limits, 5—typical tractor cab interior boundaries (RHS only)

are shown in Fig. 66.2. The intersection of both surfaces is presented in Fig. 66.3. In
the background of the drawings is a 100 × 100 mm grid.

Implementing the resulting surfaces in a typical cab design, it can be noted that
ceiling, side pillar and instrument panels are suitable for vent positioning. The front
pillar would be also a potential place for vents directed to the operator’s trunk.

Vents that are directed towards head and breathing zone, as the most sensitive
to draught, must be within the hand reach. However, some vents could be outside
of chosen hand reach (directed to lower and upper leg, for example) because the
sensitivity of those body segments is not critical.

The most suitable positions for breathing zone (supply of fresh air) and trunk
(largest area for heat transfer) are in front of those body parts. However, those posi-
tions would be within the direct field of view and inside the minimum operator’s
space.

The generated surfaces depending on operator’s body size and shape as well
as the limits (the cab dimensions, hand reach etc.) are not definite. Combinations
of vent diameter and the air flow rate enable a wider range of potential distance.

Fig. 66.2 Potential vent positioning based on operator’s body surface. Positions for vents directed
to 1—breathing zone, 2—head, 3—trunk, 4—upper leg, 5—lower leg
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Fig. 66.3 Resulting surfaces for potential vent positioning (RHS only). The hatched surface is
operator’s minimum space above the head. Positions for vents directed to 1—breathing zone, 2—
head, 3—trunk, 4—upper leg, 5—lower leg

According to air jet theory, vent diameter should be proportional to the distance
between the vent and the target surface. Thefinal proposal of vent arrangement should
be checked under various regimes and boundary conditions using simulations and
physical experiments.

66.6 Conclusions

Amethod for determination of potential positions of the air-conditioner vents inside
the farm tractor cab is presented in this paper. Constrains are based on air jet char-
acteristics, air flow around human body demands, anthropometry, visibility and cab
interior geometry. The entire geometrical analysiswas done inCADsoftwareCATIA.
Results of the geometrical analysis of the potential vent positions are as follows:

• A cab ceiling, side pillar and instrument panels are suitable for vent positioning,
like in conventional tractor cab design. Front pillars could be also used as suitable
positions.

• Some of preferable positions are not feasible because of more important criterions
of visibility and minimum operator’s place.

• The resulting surfaces, as well as the limits (the cab dimensions, hand reach etc.),
are not definite and there is a range of the distances between the vent and the
body surface, depending on vent size and the air flow rate that could be suited to
different cab shape and/or size as well as the operator’s size.

For the implementation of the proposed potential vent arrangement in a real cab
design, simulations and physical experiments should be performed. The result will
give more detailed insight in energy consumption as well as in improvement of
thermal conditions inside the farm tractor cab.
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Chapter 67
Energy Efficiency of Food Cooling
and Freezing Plants in Serbia

Marko Mančić , Dragoljub Živković , Milena Rajić , Milena Mančić ,
Milan Ðor -dević , Bojana Vukadinović , and Milan Banić

Abstract The food industry is one of the largest users of refrigeration technology.
Refrigeration is a process by which heat is transferred from one place to the envi-
ronment, with application of heat or mechanical work. The majority of refrigeration
plants designed for cooling and freezing of fruits and vegetables and account for
more than 50% of all electricity used at on these sites. Cooling and freezing facilities
typically found in Serbia, range from small applications, standalone refrigerators
with hydrofluorocarbons as refrigerants to large walk-in cold rooms with ammonia
freezing cycles. Freezing of raw goods can be performed in small freezing chambers
for small applications, or continual freezing tunnels typical for large installations. In
a commercial context even, a small reduction in refrigeration energy use can offer
significant cost savings. In this paper, small and large freezing and cooling plants
in Serbia are analyzed, typical energy efficiency measures applicable in the sector
are presented, and national energy efficiency indicators for this sector are presented
based on the performance of the analyzed plants.

Keywords Energy efficiency indicators · Refrigeration · Cooling and freezing
plants

67.1 Introduction

The food industry is one of the largest users of refrigeration technology. In the food
sector in general, refrigeration plants electricity consumption can account for around
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50% of the electricity consumption [1]. Specialized freezing and cooling facilities,
used primarily to freeze and store raw goods, such as agricultural products, electricity
consumption, originating primarily from powering the cooling facilities can account
for 66% up to 96% of the total energy consumption of the plant. This ratio is directly
affected by the type of production, processes, equipment and business of a particular
plant. Simply put, refrigeration is a process bywhich heat is moved from one location
to another [1]. Typical coolants applied in the cooling and freezing facilities in
Serbia for large scale installations are ammonia (R717), and hydrocarbons, whereas
for smaller installations typically hydrocarbons are applied. Piston compressors are
mostly applied,where newer installations are fittedwith variable speed control drives.

In a commercial context even, a small reduction in refrigeration energy use can
offer significant cost savings [1]. Energy efficiency of the cooling processes with
respect to building energy consumption is partially considered in the national legisla-
tive [2, 3], where some attention is brought to coefficient of performance values
(COP) [2], but the buildings and facilities for cooling are not identified as a separate
consumer type with regulated nor recommended specific energy consumption values
per unit square or volume area [3]. Energy efficiency of cooling facilities and possible
improvements are analyzed in the scientific research literature [4–13]. The effect of
optimal refrigerant charge and energy efficiency on a small scale unit is analyzed
in [4]. Economics of cooling appliances energy label classification is analyzed in
[5], while a model for assessment of energy efficiency of commercial systems is
proposed in [6]. Effect of refrigerant and operating conditions is found to be able
to improve energy efficiency of industrial refrigeration for 16.3% up to 27.2% [7].
Energy performance indicators is proposed as tool to tackle the problem of energy
efficiency of commercial refrigeration applications in [8], while coefficient of perfor-
mance (COP) calculated as part of energetic analysis is used for energy efficiency
assessment in [9]. Impact of control and operation on energy efficiency of vapor
compression cooling systems, which are most commonly applied is tackled in [10],
while application of cold storages and phase change materials is analyzed in [11].
Finally, exergy analysis in addition to energy balance is performed in [12]. Appli-
cation of photovoltaics for cooling and freezing facilities could provide significant
reduction of electricity consumption from the grid [13]. In addition to pollution and
prevention aspects, energy efficiency measures and energy efficiency indicators for
food industry in general, but also cooling and freezing facilities is given in the best
available techniques reference documents published by the EuropeanUnion [14–17].

In this paper, an attempt is made to provide national energy efficiency indicators
for the cooling and freezing facilities in Serbia, based on the energy balances of
the sample installations, which include installations ranging from small to large.
Indicators in general are significant for benchmarking with resource management
and resource efficiency assessments [17]. Installations may be controlled manually,
by integrated technology or by a centralized refrigeration plant. The optimization of
performance and improvement of energy efficiency is always installation specific,
however, typical solutions may be found in literature identified as general. Best
available techniques related to energy efficiency [16, 17]. Some of these solutions
have been found applicable for the analyzed installations in Serbia. In general, the
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available and applicable options heat recuperation must have been pre-examined so
that the level of non-recoverable heat is reduced, prior to dissipation of heat from the
industrial process into the environment. Improved energy efficiency is a result of an
integrated approach reducing the environmental impact of industrial cooling systems
at the same time with cost cutting and energy efficiency improvement. Selection
between wet, dry and wet/dry cooling to meet process and site requirements should
aim at the highest overall energy efficiency [1].

67.2 Energy Efficiency of Food Cooling and Freezing
Plants in Serbia

Refrigeration is a mechanical process which enables the temperature in a given space
to be reduced [1]. The refrigeration cycle ofmechanical refrigeration takes advantage
of the mechanical work used by the compressor which draws from the evaporator
and thus increases coolant pressure and temperature. Pressure in the evaporator is
then reduced, causing the liquid particles to evaporate. The refrigerant extracts heat
from the warmer objects in the insulated refrigerator cabinet, thus providing the
cooling effect. The replacement of the liquid refrigerant is controlled by an expan-
sion valve, restricting flow of the liquid refrigerant in the liquid line, changing the
high-pressure, sub-cooled liquid refrigerant to low-pressure, low-temperature liquid,
which continues the cooling cycle by absorbing heat. The refrigerant low-pressure
vapour is then sucked from the evaporator by the compressor, and then compressed
by the compressor to a high-pressure vapor. The high pressure coolant vapor is
then forced into the condenser, where it condenses to a liquid under high pressure
and rejects heat to the condenser. The heat from the condenser can be extracted
by air, water or other fluids. The condensed liquid coolant is typically led into a
liquid coolant storage tank, led to the expansion valve by pressure created by the
compressor, enabling the realization of a complete cooling cycle.

67.2.1 The Case-Study Cooling and Freezing Facilities
in Serbia

Typical coolants applied in the cooling and freezing facilities in Serbia for large scale
installations are ammonia (R717), whereas for smaller installations typically hydro-
carbons are applied. Piston compressors aremostly applied,where newer installations
are fitted with variable speed control drives. Installations specialized for freezing and
cooling of raw materials were selected, with a broad range of freezing and storage
capacity. For the purposes of this study, the installations are classified in the following
manner: (1) installations with power rating greater than 1 MW are considered large
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scale, (2) installations with power rating ranging from 100 kW to 1 MW are consid-
ered small scale, (3) installation with power rating less than 100 kW are is considered
micro scale.

A refrigeration system is always used for freezing purposes and for cooling
demands of cold storages. Large scale installations (see Table 67.1) use recipro-
cating or rotary screw compressors with ammonia as used as coolant. The evapora-
tors responsible for keeping temperatures in ranges of: –30 to –40 °C in freezers,
continuous or batch, while cold rooms are typically maintained at –20 to –25 °C. In
addition, with respect to process technological requirements, and additional cooling
temperature is maintained by evaporators at –5 to –10 °C in spaces for packaging
and product treatment and manipulation. The ammonia refrigeration systems use
double or multi stage cooling, with “booster” vapor compressors, thus improving the
cooling cycle efficiency. This also enables reduced energy consumption in periods
when freezing tunnels are not used, since the compressors responsible for near –
40 °C may be shut down. Smaller scale systems use R404a as coolant, reciprocating
compressors and batch freezing chambers evaporators reach maintain temperatures
up to –28 to –30 °C.

Generally, operations of washing, classification, pit removal and cutting are
performed prior to the freezing process. Large installations with hot processing are
equipped with steam boilers, where heat is applied to produce products or byprod-
ucts and in some cases pasteurization. Installations without heat processing, use heat
only for space heating purposes. This has great impact on the energy balance of the
installation.

Analyzed installations are used primarily to freeze and store raw goods (fruits or
vegetables), where electricity consumption used to power the vapor compressors is
the most significant factor in the energy balance accounting for 66% up to 96% of the
total energy consumption of the plant. This ratio is directly affected by the type of
production, processes, equipment and business of a particular plant. The installations
which have some kind of additional product treatment (such as hot processing) of
the raw material show lower share of the electricity and hence cooling energy in the
energy balance. The capacities, temperature levels and applied coolants are presented
in Table 67.1. Large scale installations typically use ammonia (R717) as a coolant.
With the reduction of power, smaller scale systems use R404a coolant, but there are
also mixed solutions with both systems applied, as a result of additional capacity

Table 67.1 Cooling and freezing installation technical and consumption data

No. Power rating Temperature levels Hot processing yes/no Refrigerant

Installation 1 4787 kW – 10 °C/–38 °C Yes R717

Installation 2 340 kW – 10 °C/–30 °C No R717

Installation 3 1030 kW – 10 °C/–32 °C/–40 °C Yes R717

Installation 4 140.2 kW – 5 °C/–30 °C/–35 °C No R404a

Installation 5 1167 kW – 5 °C/–25 °C/–40 °C No R717, R404a

Installation 6 18.7 – 5 °C/–28 °C Yes R404a
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Table 67.2 Ratio of electricity in the installation energy balance

No. Share of electricity
in total energy
consumption (%)

Share of electricity
in total energy
costs (%)

Heat medium used Energy source
used for heating

Installation 1 51 46.1 Steam Natural gas

Installation 2 96 92 N/A Wood, fuel oil

Installation 3 66 76 Steam Wood, fruit pits

Installation 4 96 96 N/A N/A

Installation 5 92 100 Hot water Fruit pits

Installation 6 84 63 N/A Fire wood

increase. Three of the analyzed 6 installations performed some kind of hot treatment
of their products, while 3 installations perform freezing and storage of goods.

Most of the large scale installations covered by this study were relatively old
installations (originally built in the 70 s, or 80 s), which have modernized their
equipment to date to smaller or larger extent. Small scale andmicro installationswere
mostly relatively new, built according to new standards in the last decade. Despite the
age of the design of large installations, insulation thickness of the cooling chambers
does not differ much the new installations, and is of 20 cm or more. The micro
installation, on the other hand side, is of panel construction with only 10–12 cm
insulation thickness found in the panels.

Since the greatest electricity consumers in these installations are in fact the vapor
compressors, and additional cooling and freezing equipment to some extent, such as
evaporator fans and defrosting heaters, condenser fans and pumps, cooling chamber
floor heaters, cooling chamber door heaters, the cooling and freezing systems in
the analyzed installations can be considered responsible for most of the electricity
consumption.

The share of electricity in total energy consumption is higher than 50% in all of
the analyzed installations, and goes up to 96%, whereas the cost for electricity range
from 46% up to 100% (see Table 67.2). Installations 3 and 5 take advantage of fruit
pits to fire their boilers, and thus reduce heat production costs, where installation
5 generates enough fruit pits for to meet its entire heat demands. Installation 2 and
4 use heat only for space heating and washing purposes, while installation 6 uses
wood fired stoves for hot processing purposes with many manual operations. Large
scale facilities, such as installation 1, have better energy management practices, and
based on their monitoring data, cooling and freezing facilities utilize 71% of their
total electricity consumption (see Table 67.3). Other installations have nomonitoring
of electricity consumption per sector or product, however, based on the bottom-up
approach, this ratio is estimated in the range from 85% for installation 3, to 95% or
more for installations 2, 4 and 5.
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Table 67.3 Specific electricity consumption in the installation energy balance

No. Total electricity
consumption kWh
per t of product

Heat consumption
per kWh per t of
product

Steam
consumption kg
steam per t of
product

Total energy
consumption kWh
per t of product

Installation 1 397.73 337.29 596.7 735.03

Installation 2 243 N/A N/A 243

Installation 3 324.89 1711 2983.53 2035.89

Installation 4 444.7 N/A N/A 444.7

Installation 5 800.25 N/A N/A 800.25*

Installation 6 841.5 196.95 N/A 1038.45

*Total energy consumption does not account for heat, since the installation does not meter quantity
of combusted fruit pits

67.2.2 Energy Efficiency Indicators

Energy efficiency indicators represent specific consumption, reflect the level of
energy efficiency of an installation and enable comparison of energy efficiency of
similar installations. The indicators are calculated for the analyzed installations as
electricity and heat consumption per t of product, and as total energy consumption
per t of product. For the installations with steam boilers. In addition, indicators are
given as kg of steam per t of product, whereas effects of pressure and temperature of
steam (i.e. enthalpy) are neglected with such choice of the indicator. All calculated
values represent values based on annual energy and production values.

Benchmark values for electricity and heat can be acquired in literature [14], and
are presented in Table 67.4. Benchmark values are result of performance of mostly
large installations from EU, where energy consumption benchmark indicator values

Table 67.4 Benchmark values of energy efficiency indicators [14]

No. Electricity consumption kWh
per t of product

Heat consumption per t of
product

Electricity (cooling)

Fruit sorting 0–20 kWhe/t frozen vegetable

Deep freezing –30 to –40 °C 80–280 kWhe/t of frozen vegetables

Washing up to 28 kWhe/t

Product storage 20–65 kWhe/m3 of storage
space/year

Total electricity 100–373 kWhe/t

Hot processing

Electricity 90–125 kWh/t

Thermal energy 2300–2800 (kg steam/t)
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may be a result of detailed monitoring of energy consumption per process (see Table
67.4).

By comparison of values in Tables 67.3 and 67.4, it can be observed that, due to
lack of monitoring data in Serbian installations, we can compare the indicators for
total electricity consumption, whereas thermal energy can be compared just for the
two installations with steam based hot processing.

Confronting the benchmark values to the calculated energy indicator values (see
Table 67.5), we conclude that the Serbian installations consume 2.4–8.4 times more
electricity compared to the lowest energy consumption of the benchmark range.
Electricity consumption of the large installations is within ±10% of the highest
benchmark range value, except for the installation 5, where consumption is 2.1 times
higher. Electricity consumption of small scale installations is within –30/+20% range
of the highest range benchmark value Micro scale installation uses 2.3 times more
electricity than the highest benchmark range value, and can be considered as the least
energy efficient installation based on this indicator. Confronting the steam consump-
tion, we can conclude that Installation 1 has 3–5 times lower steam consumption
compared to the benchmark range, where as there is 20–30% potential for energy
saving in installation 3.

The benchmark value account for the entire food, drink and milk sector, whereas
the indicator values and installations analyzed in this study correspond to operations
where cooling and freezing is dominant operation and as such a dominant contributor
to energy consumption, as shown in Table 67.2.

Table 67.5 Comparison of the installation electricity consumption from the benchmark value

No. Electricity
consumption
kWh per t of
product

Deviation
from
benchmark
best value

Deviation
from
benchmark
highest
range value

Steam
consumption
kg steam per
t of product

Deviation
from
benchmark

Deviation
from
benchmark
best value

Installation
1

397.73 4.0 1.1 596.7 0.3 0.2

Installation
2

243 2.4 0.7 N/A N/A N/A

Installation
3

324.89 3.2 0.9 2983.53 1.3 1.2

Installation
4

444.7 4.4 1.2 N/A N/A N/A

Installation
5

800.25 8.0 2.1 N/A N/A N/A

Installation
6

841.5 8.4 2.3 N/A N/A N/A
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67.3 Conclusion

In this paper, six cooling and freezing facilities were analyzed. The sample of these
six installations was chosen to best represent the energy consumption of cooling and
freezing, thus enabling consumption levels for Serbian installations to be defined.
Based on the results of the assessment of the sample of 6 installations, which
includemicro to large scale installations from Serbia, the following energy efficiency
indicators, i.e. benchmarks can be calculated:

• Total electricity consumption of cooling and freezing installations in Serbia ranges
from 243 to 841.25 kWh per t of frozen or stored product, with an average value
of 463.5 kWh/t of product,

• Total heat consumption for cooling and freezing ranges from 196.95 to 1711 kWh
per t of product, with an average value of 748.4 kWh per ton product, and

• Total energy consumption ranges from 243 to 2035.89 kWh per t of product, with
the average value of 882.9 kWh per t of product.
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Chapter 68
Preliminary Research Concerning
the Pollution Generated by a Diesel
Engine in Order to Higher Its
Performance

Cosmin Constantin Suciu, Daniel Ostoia, Nicolae Stelian Lontis, Ion Vetres,
Sorin Vlad Igret, and Ioana Ionel

Abstract The article studies the impact on both the pollution and climate change
generated by the vehicles themselves, covering results generated by their engines,
and starting from the end user’s demands up to the final results. The first part refers
to statistics and covers the differences of market needs, in terms of types of vehicles
and their number, based on several countries across Europe and the impact they
have on the environment. The analysis consists in measuring and interpretation of
main characteristics of a Diesel engine (classified euro 3) equipped vehicle, still very
common in the East European countries, with both an opacimeter and a gas analyzer.
The purpose is to obtain base values for comparison with further improvements to
be proposed and achieved on a Diesel engine, and get a better understanding on the
resulted influences towards pollution.

Keywords Pollution · Climate change · Diesel · Engines · Improvements

68.1 Introduction

An important sector regarding the terms of demand in primary materials in the
industry sectors is represented by the passenger vehicles, representing between 0.26
and 0.67 per person in the EU, and an estimative 0.5 vehicles person in the EU fleet,
according to the EUROSTAT, in 2020.

The mass of material represented by these vehicles cover the interval between
450 and 750 kg per person. This number lowers in Easter Europe, in Romania being
260 kg. Higher values are to be found in Western and Central Europe, for example
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in Luxemburg the value reaches 1,000 kg per person. These numbers are influenced
by the number of vehicles and also their mass [1]. Taking this fact into account, one
must think about the impact on the environment of the fact that it is expected and
normal to consider and conclude that it takes a lot more energy to put in motion a
vehicle of higher mass and the number of vehicles of that kind in a region [2].

In order not to suffer the worst consequences of climate change, a rapid reduce
in the global energy system is necessary. Even with the urge to reduce the global
greenhouse gas emissions, it still remains at unsustainably high levels. About 60%
of the emissions today are originated in the functionality of economic developer and
heavy industry, together with the current energy infrastructure, with an expected raise
up to nearly 100% by 2050 if no action will be taken [3].

In principle, the pollutant, which is part of both local and regional pollution
problems, reacts as either a radiative forcing agent or changes the distribution of
radiative forcing agents with the risk of producing a linkage between air quality and
climate change issues. Figure 68.1 presents some of the potential linkages [4].

An important parameter related to the assessment of the environment is the fuel
used by the vehicles. Since there are more types of fuel, they can be classified by
their energy content and density. The amount of direct CO2 emissions is related to
the amount of carbon contained in the fuel, while the sulfur content is related to the
SO2 emissions. In Table 68.1 are presented the properties of several fuels [5]. Note
that the used fuel in this research is diesel.

Fig. 68.1 Examples of some of the potential linkages between regional air quality and climate
change issues



68 Preliminary Research Concerning the Pollution Generated… 677

Table 68.1 Fuel properties [4]

Energy
content
[kJ/kg]

Density
[g/L]

CO2 emissions
factor [kg
CO2/Liter]

Sulphur
content
[ppm]

SO2 emission factor
[g SO2/L]

Petrol 42,715 755 2.212 50 7.55 E−4

Diesel 43,274 850 2.697 50 8.50 E−4

CNG (G20) 49,578 717 2.712 0 0

LPG 45,114 550 1.549 15 1.65 E−4

Bio-diesel
(RME)

37,700 880 2.470 100 1.76 E−3

Based on the fuel properties presented in Table 68.1, one factor that might be
a cause for a fuel economy of the diesel fuel is its mass energy content. Diesel
contains about 13% more energy [expressed in kJ/kg] than petrol. This means that a
reduced quantity requirement of Diesel is needed to obtain the same output results,
in comparison to petrol. However, diesel fuel is denser than petrol and despite that,
it can be considered a quality fuel, analyzing only its calorific value.

The mechanical major contributor to the higher efficiency of the diesel engine is
certainly also based on its higher compression ratio, compared to the Otto (petrol)
engine. An important factor for the higher efficiency of the diesel engine can be also
explained by its capability of running on leaner mixture. Compared to the petrol one,
the compression-ignited engines, where the fuel is injected into highly compressed
air towards the end of the compression stroke, do not require a knock sensor since
the fuel in the combustion chamber will ignite in the areas of greater oxygen density.
Even so, in order to keep the pollutants levels low and burn the fuel as efficient as
possible, the diesel engine, as well as the petrol one, workwith stoichiometric air/fuel
mixtures.

Indirect emissions linked to the amount of fuel used by the vehicles can be
calculated by knowing the energy content and density while the direct emissions
are directly determined by the vehicle itself. The type approval test all and each
vehicle sold on the European market gives information regarding the regulated emis-
sions: carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx) and, in
the specific case of diesel vehicles, particulate matter (PM) and also unregulated
emissions: carbon dioxide (CO2), Sulphur dioxide (SO2), nitrous oxide (N2O) and
methane (CH4). While the N20 emissions mostly depend on the type of technology,
both the carbon dioxide and sulfur dioxide can be found in the table presented, and
calculated [6, 7].

It is known that diesel engines’ due to their high thermal and fuel efficiency
produce emissions low in carbon dioxide. The problem consists in these two pollu-
tants: nitrogen oxide (NOx) and particulates. These two are exchanged between each
other in many aspects of the engine design. Higher temperatures reduce the emission
of soot but increase the levels of nitric oxide (NO). To lower the amount of NO
produces, the combustion chamber’s temperature must be lowered but this increases
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the soot formation. The answer consists in a better stoichiometric report to lower
the emissions. The NO resulted oxides are converted to NOx which, combined with
hydrocarbons or volatile organic compounds in the presence of sunlight, result in
low level ozone leading to smog formation [8].

This article presents the analyze results of the outcome of the engine, in terms
of emission values, characterized by factory parameters measure, with both an Otto
gas analyzer and a Diesel gas analyzer. This complementary research method was
adopted in order to achieve best results and accommodate the scientific results into
an original conclusion.

Analyzing the current tendencies and direction by improvement of air quality and
climate change, manufacturers focus to orientate to environment-friendly vehicles.
Based onmany studies, solutions for compression ignition engines to be kept on roads
for a while more include bio-fuel, multifuel and also hybridization with addition of
electrical motors.

68.2 Engine and Fuel System Specifications

Thevehicle chosen for thesemeasurements is equippedwith a diesel-cycle 1,896 cm3,
4 cylinders. It has 2 valves per cylinder, and a turbocharged with intercooler
compression ignition traverse alignment engine.

This has a bore of 79.5 mm with a stroke of 95.5 mm, with a compression ratio
of 19.5, being equipped with a VP37 Bosch injection pump and a Garrett GT1749V
variable geometry turbocharger. It measures an output of 89 bhp, at 3,750 rpm, with
210 Nm of torque, at 1900 rpm.

Being a compression ignition type of engine, it features direct injection from 4
mechanical injectors with 0.184 µm nozzles, characterized by 5 holes and a 10 mm
VE injection pump from Bosch, the VP37. For the 2 stage injectors, the pre-injection
takes place at 220 bar and the second stage takes place when the pressure reaches
the pressure of 300 bar.

68.3 Research Method

Themeasurementswere achievedbyusing theCapelec 3,200 stand-alone opacimeter,
presented in Fig. 68.2. It offers the possibility of a multi-gas analysis and a roadwor-
thiness testing. ISO 11614, NFR 10025-2016 and CEM approvals and certifications,
meaning that it can also be used for the technical inspection, are attested.

The machine is also upgraded with a Capelec gas analyzer module, thus it can
offer data from both Otto and Diesel engines.
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Fig. 68.2 Capelec 3200
stand-alone opacimeter [9]

Measurements have been achieved in a certified and authorized periodical inspec-
tion institution by the Romanian Automotive Register through the Product Certifica-
tion Body (RAR-OCP) with SR EN ISO/CEI 17065:2013 certification. They consist
in a measurement at idle and another one at 3,000 rpm status, with both analyzers.

68.4 Measurements and Results

Comparing the two different working regimes presented in Table 68.2, one concludes
that there is a 363% increase of the light absorbent coefficient (K) value, when the
engine is running at 3000 rpm. Considering that the environment where the sensor
is positioned is a fix volume, if the temperature is constant, more particles will fit in
this volume as the pressure rises. However, if the pressure is constant instead of the
temperature, the number of particles inside the volume will be inverse proportional
to the temperature.

Table 68.2 Opacimeter
measurement results at
different engine speeds

Engine speed [rpm] Absorbent
coefficient K [−]

Engine oil
temperature [ºC]

903 0.033 105

3,000 0.120 105
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The opacimeter is an optical sensor with the ability to absorb light. Regarding the
values measured, it translates as quantity of soot/particles eliminated by the engine
(upper table) while the gas analyzer measures many other emitted substances.

When measuring a compression ignition engine with a spark ignited engine type
of sensor, normally there is no need of further calibrations. It is worth to mention
that the stoichiometric value on a diesel engine is high enough and thus the lambda
and oxygen values are high, compared to an otto engine. The high value of oxygen
content in the combustion area is normally directly related to the high value of the
lambda. In the particular case that was experimented, since the gas analyzer is used
for petrol fuel-based vehicles, which must have the lambda value around the value
of 1, the measured values must be analyzed as special case, and as result the low
NOx and HC is the functionality of the exhaust gas recirculation valve (EGR) could
be noticed. The explanation is based on the fact that by reducing a quantity of the
exhaust gas, it goes back into the cylinders. The opacimeter measures only the soot
particles, while the dedicated spark ignition specific analyzer divides the gasses and
shows the quantity of each emission separately.

This phenomenon dilutes the oxygen in the incoming air stream, providing inert
gases to act as absorbents of the combustion heat, reducing the temperatures, all these
without modifying the air to fuel ratio. NOx is produced in the process of mixing the
atmospheric nitrogen and oxygen with the high temperature inside the combustion
chamber, occurring when the cylinder is a peak pressure. Re-introduced gases from
the EGR (exhaust gas recirculation) contain concentrations of NOx and CO, which
inhibits or lowers the total net production of these species, and not only. Comparing
the air excess ratio (lambda value) and the oxygen values between the two situations
from Table 68.3, one concludes that even though the lambda value droping by 8.9%
in the 2nd regime, the measured oxygen quantity drops by 1.4%. This result means
that the mixture is very lean, at higher constant rotations per minute, compared to
the idle engine speed regime, but it also determines higher CO2 values.

For both tests, run comparative, the engine measured parameters are presented in
Table 68.4.

Table 68.3 Comparison of
measurement results, for
different engine speeds

Measured parameter Regime 1 Regime 2

Engine speed [rpm] 903 3,000

CO [% vol.] 0.01 0.01

CO2 [% vol.] 1.20 1.30

O2 [% vol.] 19.28 19.01

HC [ppm vol.] 0 0

NOx [ppmv] 0 0

Air excess ratio lambda [–] 12.19 11.19

COcorr [% vol.] 0.12 0.11

Engine oil temperature [ºC] 106 105
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Table 68.4 Measured
parameters at different engine
speeds

Measured parameter Value first test Value second test

Engine speed [rpm] 903 3,000

Intake air pressure [mbar] 1,020 1,091.4

Injection quantity [mg/str] 2.8 4.4

Start of injection [ºBTDC] 0.4 0.2

Coolant temperature [ºC] 90.9 91.8

Since there will be a continuation on methods of reducing the pollution levels of
the diesel engines, one intends to approach the topic of multi fuel and fuel blends in
further articles, in the near future.

68.5 Conclusion

The paper is a first step in the research concerning the identification of modalities
for Diesel engine to be turned into more friendly and economic solutions, against the
general trend on the market to renounce on their utility. The reason therefore is that
presently a large number of engines are still in function, and they must be retrofitted
either for reducing the pollution, either for reducing the fuel consumption, that leads
to a reduced pollution exhaust.

Themeasurements have been done in a static regime,with no load. The results lead
to following conclusions: (i) explanations concerning the trend on diesel engines are
reasonable and proved by the results and (ii) reducing the emissions’ concentration
is possible, as a priority and also from the perspective of pollution control, knowing
that diesel engines are a higher source of high emissions of CO, CO2 and NOx.
Due to the high reliability and low fuel consumption, in the future a great use of
for hybrid propulsion solutions or even range-extender, even better than a gasoline
engine is very probable. A few manufacturers already launched on the market. Even
if on average the costs of manufacturing a diesel engine are higher compared to
an internal combustion spark ignited ones by around 15%, it compensates with the
greater fuel efficiency, lower fuel price and torque driving characteristics.

A continuation of the research is expected, covering more ways of lowering the
pollution level of the diesel engines and offering motivations concerning technical
reasons sustaining why they should still be kept on the market, in the next future, of
course under strict regulations concerning the pollution level.
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Chapter 69
A Bayesian Analysis of CO2 Emissions
and National Industrial Production
in Romania

Carmelia Mariana Bălănică Dragomir, Geanina Podaru,
and Cristian Muntenit, ă

Abstract Policies to reduce carbon dioxide emissions are frequently deemed indi-
vidually, relating to electrical power and energy, residential heating, transport, and
industrial sector. This may result in specific actions being considered a priority in the
erroneous sectors, and omits others. The policymaker’s study should focus on green-
house gas reduction objectives, notwithstanding the incertitude concerning what
aims are suitable and the proper period. Starting with 1993 Romania implemented
the European statistical data collection procedure based on annual questionnaires.
The article focuses on assessing the CO2 emissions and the linkage with national
industrial production. By analysing the CO2 emissions and the production of main
industrial goods two important conclusions are outlined: (1) the trend of the total
production is an important factor to generate the emissions; (2) the modify in indus-
trial structure has the distinct share to the emissions in several periods, in 1993–1998
and 2002–2012, the higher production implies over the same period changes in CO2

trend of the emissions.

Keywords Climate change · Sustainable industrialization · Bayesian analysis

69.1 Introduction

Inclusive and sustainable industrialization is essential to achieve sustainable develop-
ment. Readaptation and using the green and additional eco-friendly methods should
have fulfil the requirements of the nowadays—without comprising the demands of
further generations [1]. Greening manufacture and production systems has a crucial
aspect to change to green economies and to accomplish a viable progress [2].

The green industry involves powerful and concerted economic drivers that
engender operation and profit, stimulate international commerce and capacitate
efficacious usage of resources [3].
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In the last 200 years, with a constant population increase, an accelerating industrial
development, urban sprawl and global energy consumption has been precipitously
expanded and ecological conditions is progressively deteriorating. The air pollution,
particularly the greenhouse gases and carbon dioxide (CO2) pollution, becomes a
significant general issue to adapt to climate change [4].

CO2 emissions are absolutely dependent on the production and utilization of
energy and consequently the pattern of the relationship among CO2 emissions and
economic progress has relevant repercussion for the designation of a proper common
economic and environmental strategy [5, 6].

According to the 2018 IPCCseveral currentworldwide trends have led anypersons
to incorrectly deduce that industry is no more a principal sector of the economy. A
commonly idea is that fabrication’s significance has been decreasing through the last
decades, according to the beginning of the “post-industrial” period. The observational
proofs used to support this demand is generally relied on the nominal value added
produced in industries as a proportion of nominal gross domestic product (GDP).
Apparently, both at the general level and between particular country groups, the value
of industrial production has diminished proportional to other sectors, insinuating a
process of deindustrialization. It is extremely important that CO2 emissions and the
use of materials increased in industry during the period 1995 until 2014 [7]. The
industrial sector includes a large variety of subsectors containing production (e.g.,
steel, construction materials, chemicals), mining and metallurgy.

Greenhouse gas emissions were roughly halved among 1990 and 2007 in every
BalticMember States, with the highest reduce registered in Latvia (–54.7%). Further-
more, therewere substantial decreased inRomania, Slovakia andBulgaria andPoland
[8].

Between 1990 and 2018, CO2 emissions were considerably reduced by Latvia
(82%), Luxembourg (82%), Lithuania (80%), Czechia (79%), Bulgaria (76%),
Romania (75%) and Estonia (73%) comparatively with the level of CO2 emissions
in 1990. Only Austria, Cyprus, Ireland and Spain account emission increases [9].

The relationship within economic increase and environmental contamination is
assessed one of the most significant empirical correlation currently, having as one
of its major supposition that in a country’s growth process, as production of main
industrial goods environmental quality firstly deteriorates to a specific point, and
then the environmental feature improves [10, 11].

In this paper we analyzed the empirical connection among carbon dioxide (CO2)
emissions and production of main industrial goods in Romania over the period
1993–2019. This empirical interdependence, widely known in the literature as the
Environmental Kuznets Curve (EKC) hypothesis, indicates that the link between
these variables, in process of time, pursues an inverse U-shape, and increased in
economic development would be followed by betterment in environmental charac-
teristic. Bayesian statistics is a major issue nowadays in several domains in which
statistics is applied.

The Bayesian method has multiple advantages like offering more correct and
eloquent assumptions, answering complex issues directly and precisely, by relying
on entire accessible data, and being especially appropriate for decision-making [12].
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69.2 Data and Methods

The datasets were collected by the National Institute of Statistics, Romania starting
from1993 until 2019. The 27 years of values recorded for both industrial productions,
finished products and CO2 emissions have been the basis of this article.

The informationwas collected on the basis of questionnaires andwas carried out in
accordancewith the recommendations and rules of Eurostat, with themain purpose of
providing to the internal and external users complete, current and reliable information
regarding the industrial physical production realized in our country, comparable with
those realized by the member states of the European Union. The information was
collected through personalized questionnaires, as pre-printed with the identification
data of the company, with the codes and with the names of the products that they
make during the reference year. The reference period of the research is the previous
calendar year.

The statistical research PRODROM A (Industrial products and services), has as
main objective the collection of data and information of industrial physical produc-
tion, according to the Nomenclature of industrial products and services PRODROM,
integrated in the national classifications system and in direct correspondence with
the Classification of Activities in the National Economy. CANE Rev 2), respectively
with the Classification of Products and Services associated with Activities [13].

Industrial production is the direct result of the processes of extraction from
nature of rawmaterials and existing materials, of subsequent processing of industrial
products or the restoration of their initial technical and qualitative parameters.

The National Institute of Statistics of Romania has implemented the methodology
of Air Emission Accounts (AEA) developed by Eurostat and data have been reported
since the reference year 2008, in accordance with the requirements and the required
reporting format—imposed by division of economic activities. Greenhouse gases
(GHGs) are gases of natural and anthropogenic origin, which absorb and emit radi-
ation with wavelengths specific to the spectrum of infrared radiation emitted by the
earth’s surface, atmosphere and clouds. TheKyoto Protocol regulates themain green-
house gases: dioxide carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O)
and three groups of fluorinated gases: hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs) and sulfur hexafluoride (SF6).

The Bayes Factor Inference on Pairwise Correlations were calculated based on
formula (69.1):

P

(
A

B

)
= P(B/A)P(A)

P(B)
(69.1)

where

P(A/B) Probability of A given B,
P(B/A) Probability of B given A,
P(A) Probability of A,
P(B) Probability of B.
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P(A\B) andP(B\A) are knownas conditional probabilities,which is the probability
of one event (A or B) occurring given another event (A or B) has already occurred.

Prior Distributions: The first step in a Bayesian analysis is to determine what
is known as the Prior Distribution. In Bayesian statistics, the variance of our Prior
Distribution is commonly noted to as precision; the higher the precision, the more
confident it is. Distributions with upper accuracy will be more peaked, with a smaller
variance and conversely [14, 15]. The final step in a Bayesian study is to observewhat
is known as the Posterior Distribution using Bayes’ Theorem. The Posterior Distri-
bution is usually obtained by Markov Chain Monte Carlo Methods using statistical
software [16].

In this study we used IBM-SPSS Version 26, a powerful tool for advanced
statistical analysis.

69.3 Results and Discussion

In order to quantify the production of main industrial products we selected from
national inventory the main industrial goods and we represented in Fig. 69.1, both
depending on the type of product and depending on the year ofmanufacture. Themain
products analysed are: raw steel, electric crude steel, finished heavy steel laminates
for pipes and forging, steel pipes, cold drawn steel wires, non-alloy steel, finished
hot rolled steel sheets, medium and lights steel laminates, seamless steel pipes and
laminates of aluminium and aluminium alloy. The industrial goods used in this article
are in fact the first ten products manufactured in Romania during 1993–2019.

The trend is obviously decreasing, clearly observing the downward trend in the
production of industrial goods. If in 1993 the national production was 18,167,993
tones it decreased in 2019 to 13,487,649 tones. The difference of 4,680,344 tones is

Fig. 69.1 Trend of national production of main industrial products between 1993 and 2019
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25.76% of the national production. From the analyzed period of 27 years, one can
obviously observe the upward trend starting with 2000 until 2007, a decrease in 2009
and then an attempt to recover from 2010 to 2012. The peak of industrial production
was registered in 2006, more precisely 21,978,943 tones. In the last five years there
is a period of stagnation of production, around 13,608,441 tones.

To observe the type of industrial goods produced in the twenty-seven years, we
calculated the percentage. Approximately 75% of the total production is represented
by 3 types of products: raw steel—29%, non-alloy steel—20% and 25% finished hot
rolled steel sheets. The lowest percentages are 0.41% for laminates of aluminium
and aluminium alloy and 1.06%—seamless steel pipes. From this analysis it is clear
which are the most frequently requested products on the Romanian market.

From the comparison between the national production and the CO2 emissions, in
the period 1993–2019, it is clear that the two analyzed elements have the same trend.

If between 1993 and 1998 we have a period of maintenance, followed in 1999
by a sharp decline and then a slow increase until 2006. In 2009 both the amount of
industrial goods produced and CO2 emissions have a minimum point, followed by
an increase in 2011 and then both elements continue relatively linearly. At the same
time, Fig. 69.2 clearly highlights the ten-year economic cycle of the economy.

Using IBM-SPSS, we analyzed the Bayes Factor Inference on Pairwise Corre-
lations and Posterior Distribution Characterization for Pairwise Correlations. The
pattern of the Bayesian inference about Pearson correlation coefficient permits to
outline Bayesian inference by appraising Bayes factors and describing posterior
distributions. Production of main industrial goods and CO2 emissions are the two
elements analyzed in our study.

The Pearson correlation calculated is 0.717 and it indicate a indicate a strong
positive linear relationship between the two parameters, while the Bayes Factor is
0.001. Bayes Factors range from 0 to infinity; values less than 1 support the null
hypothesis as being more likely than the alternate hypothesis. 27 represents the

Fig. 69.2 Comparison between national production and CO2 emissions for 1993–2019
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number of cases, more exactly the number of years from 1993 to 2019 (see Table
69.1).

For the Posterior Distribution Characterization for Pairwise Correlations, we used
95% Credible Interval. The IBM SPSS analysis indicate 0.710 the coefficient for
mode, 0.669 the coefficient for mean, while the variance for analyzed data is 0.011
(Table 69.2).

Function of log likelihood values can be used to compare the fit of models, in our
case, the production of main industrial goods and CO2 emissions. The log likelihood
function indicates an evident connection between production of industrial goods and
CO2 emissions. The two factors are computed using a likelihood function, which

Table 69.1 Bayes factor inference on pairwise correlations

Production of main
industrial goods

CO2 emissions

Production of main
industrial goods

Pearson correlation 1 0.717

Bayes factor 0.001

N 27 27

CO2 emissions Pearson correlation 0.717 1

Bayes factor 0.001

N 27 27

Bayes factor: Null versus alternative hypothesis

Table 69.2 Posterior distribution characterization for pairwise correlations

Production of main
industrial goods

CO2 emissions

Production of main
industrial goods

Posterior Mode 0.710

Mean 0.669

Variance 0.011

95% credible
interval

Lower bound 0.456

Upper bound 0.855

CO2 emissions Posterior Mode 0.710

Mean 0.669

Variance 0.011

95% credible
interval

Lower bound 0.456

Upper bound 0.855

N 27

The analyses assume reference priors (c = 0)
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Fig. 69.3 Plots for pair 1: production of main industrial goods—CO2 emissions

indicates the most likely values for the unknown parameters given our data. The prior
distribution is linear in our case, while posterior distribution has a peak between 0.5
and 1.0, around the 0.7 value (see Fig. 69.3).

The Bayesian analysis indicates the most likely difference between mean produc-
tion of main industrial goods is 0.669 that can outline the null is a more probable
explanation for the data than the alternate.

69.4 Conclusion

In this paper we applied a Bayesian method to test the empirical connection between
production of main industrial goods—CO2 emissions for Romania over the period
1993–2019. The Pearson correlation indicated a indicate a strong positive linear
relationship between the two parameters, the result being confirmed by the Function
of log likelihood values. Bayesian Inference is becoming increasingly popular and
may be used in a range of statistical tests.

Using the 27 years dataset collected by the National Institute of Statistics we
observed the trend of Romanian production of main industrial goods analyzing 10
types of products. The tendency of national production is a downward one and it
is overlapping extremely well with the trend of CO2 emissions. Certainly, other
elements influence the amount of CO2 in the atmosphere, but the industry is on the
first place. Or at least it was in the 27 years of analyzed period.

Our major contribution to the literature is the analysis of industrial production
in close connection with CO2 emissions. By collecting and evaluating this data,
technical measures can be taken to protect the environment, prevent, reduce and
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eliminate emissions of air pollutants, which directly harm human health and the
environment.

The results of this study unequivocally support the idea that there is a very strong
dependence between CO2 emissions and production of main industrial goods.

In conclusion, forthcoming studies could expand these results with additional
appraisal of the different common factors. This assessment of the uncertainties in a
resolution is an essential element of reasonable, accurate information policy-making.
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Chapter 70
Environmental Impact of Minimal Order
Quantity Constraint in (R, s, S) Inventory
Policy

Jasmina Žic and Samir Žic

Abstract Inventory management and logistics, recognised as key components of
supply chain management, significantly impact the environment. In this paper, the
correlation between stochastic market demand, inventory control working under
periodic review policy, and environmental influence of product replenishment by
road transportation are considered. By conducting extensive numerical simulation
research of the supply chain echelon model, we study the impact of minimum order
quantity constraint on (R, s, S) inventory system and its environmental performance
measured by greenhouse gas emissions using EN 16258 methodology. The simula-
tion design includes one level of average dailymarket demand and standard deviation,
one level of targeted fill rate, eleven levels of lead time, one level of work time, six
levels of minimum order quantity and five categories of delivery vehicles. Results
of extensive numerical simulations indicate the sensitivity regarding logistics and
environmental performance of the supply chain depending on the minimum order
quantity and lead time change.

Keywords Supply chain management ·Minimum order quantity · Greenhouse gas
emission

70.1 Introduction

The companies operating in supply chains nowadays face the necessity to adjust their
operations to meet the legislative and market requirements for environmental impact
reduction, simultaneously increasing or at least maintaining profitability. Integration
of environmental thinking into traditional supply chainmanagement is being referred
to as Green Supply Chain Management (GSCM), and its focus is on the influence
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and relationships between supply chain management and the natural environment.
GSCM is driven mainly by increasing customer awareness and regulatory obliga-
tions resulting from the raw materials’ resources depletion, growing problems with
pollution and waste, intense degradation of the environment, etc. [1].

This paper explores inventory management as one of the key segments of supply
chain management and its environmental impact, specifically greenhouse gas (GHG)
emissions related to inventory replenishments. As an indicator of the environmental
performance of supply chains, emissions are highly sensitive to the mode and
frequency of deliveries and generally increase with frequent replenishments, particu-
larly with globalisation and longer-distance trade [2]. Relevant literature recognises
efficient inventory management and operational adjustments as valuable tools for
emissions’ reduction without investing in new technologies [3–5]. This paper aims
at providing valuable insights in that direction by exploring the influence of opera-
tional constraints such as minimum order quantity (MOQ) and lead time on output
variables.

MOQ is defined by themanufacturer or the supplier, representing the lowest quan-
tity of goods that can be ordered, measured either by product units or monetary value.
It is recognised as one of the common ways to achieve economies of scale in distri-
bution and production [6]. MOQ at the supplier’s side reflects on the processes
of handling and executing the orders, such as invoicing, bookkeeping, manhan-
dling, shipping, and related costs [7]. It is not unusual that workflows, processes
and production batches are also adjusted to MOQ size in order to achieve better
process efficiency. However, largeMOQs bring significant challenges to the efficient
management of supply chains, as they oblige retailers to choose between ordering
either none or many units, which outcomes in reduced flexibility in responding to
the market demand and increased inventory costs [6]. Although common in real-
world settings, the MOQ constraint related to (R, s, S) inventory control policy is
rarely studied in the SCM literature and particularly, GSCM field. The work of [8]
studies the periodic review inventory model to indicate the inventory policies that
minimise the costs, taking into account the MOQ parameter. Reference [6] consider
the impact of MOQ on stochastic inventory system performance, analysing demand
variability. The work of [9] studies the cost performance of periodic review inventory
system with stochastic demand considering MOQ constraint. The authors provide
expressions to calculate near-optimal policy parameters. A single MOQ constraint
is included in the study of [10] examining economic, environmental and inventory
management performance of a supply chain model operating under (R, s, S) policy.

The rest of the paper is organised as follows. Section 70.2 presents the setup of the
supply chain model and calculations’ procedure. In Sect. 70.3, results and discussion
are provided. Section 70.4 brings conclusions.
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70.2 Experimental Work

In combination with a large set of numerical simulation scenarios, modelling and
simulationmethod are recognised as themost suitable approach for examining awide
range of influential parameters in complex systems [11]. In this paper, we use numer-
ical simulations to study the complex interdependencies between stochastic market
demand, inventory control under (R, s, S) inventory control policy, and consequently,
environmental influence of product replenishments by road transportation.

70.2.1 Supply Chain Model Setup

We study a single product single echelon supply chain, as displayed in Fig. 70.1. The
distribution centre (DC) observes market demand and regulates its inventory levels
with the supplier’s replenishments.

Inventory in DC is controlled by periodic review or (R, s, S) policy, with a review
period of one day. The targeted fill rate is set to 99.9%. Safety stock, partial deliveries
or backlogging are not considered. The experimental design includes one level of
average dailymarket demand and standard deviation of demand, one level of targeted
fill rate, eleven levels of lead time, one level of work time and six levels of MOQ,
resulting in a total of 1650 simulation experiments.

Market demand:
1. μ=100 units/day
σ =30 units/day

Fill rate:
1. 99,9%

Distribution centre
(R, s, S) inventory policyMarket Supplier

Minimal order quantity:
1. 1 PC 4. 150 PCs
2. 50 PCs 5. 200 PCs
3. 100 PCs 6. 250 PCs

Period:
1. 3650 days, 25 
replicas

Work time:
1. 7 days/week

Vehicle 
capacity:
1. 1,5 t
2. 3,5 t 
3. 6 t
4. 11 t
5. 17 t

Lead time:
1. 0 days
2. 1 day
3. 2 days
4. 3 days
5. 4 days
6. 5 days
7. 6 days
8. 7 days
9. 8 days
10. 9 days
11. 10 days

SC parameters:
1. Distance: 191 km
2. Vehicle fuel type: 
diesel
3. Vehicle em. std.: 
EURO 6

Fig. 70.1 Supply chain model scheme
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70.2.2 Numerical Simulations and Environmental
Performance

There are no simple procedures or algorithms available to set the optimal inventory
levels—reorder point s and order-up-to level S in practice. Therefore, in most ERP
environments they are chosen manually, without algorithmic determination [12].
This research uses the two-dimensional brute force search algorithm to determine
the lowest combinations of s and S, which satisfy the targeted fill rate and the rest of
the model constraints: work time, lead times, and MOQ.

We observe the total period of 3650 days to calculate inventory and logistic param-
eters: inventory levels s and S, average inventory level (AIL), number of orders, size
and number of replenishment deliveries (Nd). These information represent the basis
for calculating GHG emissions from deliveries on the relation supplier—DC, using
EN 16258 methodology. GHG emissions are under the influence of the number
and size of shipments required for satisfying the predetermined fill rate of market
demand. The rest of the logistic parameters, such as delivery distance, vehicle type
and capacity, fuel type, vehicle emission standard, are specified in Fig. 70.1.

Methodology for calculation and declaration of energy consumption and GHG
emissions of transport services EN 16258 [13] is used to determine the levels of
emissions released in road freight transportation by using Ecotransit software [14].
Deliveries are organised on the 191 km long route between cities of Frankfurt and
Cologne, with vehicles of 5 different payload capacities and EURO6 emission stan-
dard, as specified in Fig. 70.1. The emissions are dependent on a vehicle type, load,
environmental and traffic conditions and are proportional to the amount of fuel
consumed by a vehicle [15]. Vehicle selection is based on the minimum payload
sufficient to deliver the entire order in a single trip. The freight is of the heavy goods
type, with the product unit weight of 10 kgs. The volume of goods is not a limiting
factor for shipping.

Further analyses regarding emissions in this paper are done based on Well-to-
Wheels (WTW) GHG emissions, implying the total emissions caused by vehicles’
operation, including emissions from the generation of final energy [16]. WTWGHG
emissions are expressed in CO2-equivalent units, representing the amount of CO2 of
the equivalent globalwarming impact.WTWGHGemissions of the vehicle operating
system Gw(VOS) are calculated as in Eq. 70.1, with F(VOS) being fuel consumption
used for the vehicle operating system and gw WTW GHG emission factor, as per
[13].

Gw(V OS) = F(V OS) · gw (70.1)

TotalWTWGHGemissions Gw emitted during the observed period are calculated
according to Eq. 70.2.

Gw = Gw(V OS) · Nd (70.2)
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70.3 Results and Discussion

The experimental design described in Subsect. 70.2.1 resulted in 1650 simulation
experiments. Results regarding delivery size, the number of deliveries and related
WTW GHG emissions are grouped for further analysis, based on lead times and
MOQs, and presented in Figs. 70.2, 70.3 and 70.4.

Study results show that, with the increase of lead time length, regardless of the
MOQ change, average delivery size grows and the number of deliveries decreases.
For MOQ1 and MOQ50, the average delivery size is more than 11 times larger in
conditions of the longest lead time (LT10) compared to the shortest one (LT0). In

Fig. 70.2 Average delivery size grouped per various MOQs and lead times

Fig. 70.3 The average number of deliveries grouped per various MOQs and lead times
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Fig. 70.4 WTW GHG emissions level grouped per various MOQs and lead times

scenarios withMOQ being equal to or higher than 150, this ratio ranges from 7 down
to 5 times.

As visible from Fig. 70.2, for MOQ1, MOQ50 and MOQ100, average delivery
size steadily increases with the prolongation of lead time; however, as the MOQ
level exceeds the average daily demand level, the average delivery size growth rate
significantly oscillates. These oscillations are most evident for MOQ250, where one
day increase in lead time, from LT2 to LT3, causes a 53.5% increase in delivery size.

Within the same lead time conditions, apart from LT0, the average delivery size
increases or remains at the approximately same level with the growth of MOQ, with
more noticeable oscillations for MOQ200 and MOQ250.

Oscillations in the Nd depending on the MOQ size are most evident when oper-
ation with the shortest lead time conditions, i.e. for LT0. In those conditions, the
number of deliveries forMOQ1 is 148% higher than forMOQ250. However, for LT6
and longer, the number of deliveries equalises regardless of MOQ size, as visible
from Fig. 70.3.

As shown in Fig. 70.4, the levels of WTW GHG emissions for the same MOQ
size decrease or remain at the same level as lead time prologues. When operating
with the longest tested lead time (LT10), emissions’ level reduction of maximal
79% is achieved compared to the shortest lead time conditions (LT0) while fulfilling
the same fill rate level. When comparing emissions level within the same lead time
conditions, they either remain at the same level or decrease with MOQ increase.

The influence of MOQ operational constraint is the most significant within deliv-
eries with short lead times—LT0 and LT2. When analysing the most frequent deliv-
eries scenario (LT0), the effect ofMOQ ismore evident as its size exceeds the average
daily demand level. WTW GHG emissions for LT0 are at least 43.5% lower when
operating with MOQ150, MOQ200 or MOQ250 compared to MOQ100. For LT2,
this reduction of emissions level is evident between MOQ150 and MOQ200, and it
totals 19.5%.
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70.4 Conclusions

In this paper, we study the interdependencies between stochastic market demand,
inventory control under (R, s, S) policy, and the effect that certain operational param-
eters have on logistics and environmental influence of supply chains. Specifically, we
analysed howMOQ constraint, together with lead time length influences the number
and size of deliveries related to inventory replenishments needed for fulfilling targeted
fill rate and the levels of WTW GHG emissions from these transportations.

Results imply that with the prolongation of lead time, for all testedMOQs, average
delivery size grows and the number of deliveries decreases. Additionally, as the
MOQ level exceeds the average daily demand, the average delivery size growth rate
significantly oscillates. The most significant oscillations in the number of deliveries
depending on MOQ change are evident during the shortest lead time. As the lead
time prolongs, this effect minimises, and there are no considerable differences in the
number of deliveries after the lead time of 6 days between tested MOQs. Lastly, it
is evident that the levels of WTW GHG emissions significantly decrease with the
increase of lead time. The influence ofMOQ size on emissions’ levels is most evident
during the shortest lead time, and it means up to 43.5% lower levels when operating
with MOQ higher than average daily demand.

Study results based on extensive numerical simulation of supply chain operating
under stochastic, normally distributed market demand showed a strong influence of
minimum order quantity and lead time change on supply chain logistic and envi-
ronmental performance. Future research resulting from this paper will examine the
abovementioned relationships and outcomes with additional supply chain variables
and complexities.
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Chapter 71
Cabin Safety Prediction in a Selected
Group of Mobile Working Machines

Adam Vincze, Ladislav Gulan, Roman Ižold, and Andrej Korec

Abstract Protective structures are safety constructions fitted to self-propelled earth
moving machinery providing reasonable accident protection for the vehicle oper-
ator in the driving position. Verification and certification of the proposed solutions
is an important step in the development process or the innovation process of new
constructions of mobile working machines. These processes are regulated by valid
regulations and standards. They are run in standard conditions, also in the form of
destructive tests on fully functional modules. In case of deficiencies, these processes
must be rerun on newmodules, resulting in additional financial cost. The paper deals
with simulation of the required tests with attention to time saving and reducing finan-
cial cost. The simulation aims to streamline the design process of the machine or its
modules. It has been proven that it is possible to accurately simulate destructive tests
of cabins for working machines. The results of a simulation and real destruction tests
of the cabin were compared by deformation graphs.

Keywords Mobile working machines · Loader · Safety · Tests · Simulation

71.1 Introduction

Parameter verification inmobile workingmachinemodules is a part of the innovation
process run in order to increase their safety, comfort or design changes [1]. One of
the tests required for product certification is the standardized conditions test of cabin
modules [2, 3]. These tests are costly because for their implementation it is necessary
to create more than one functional prototype of the cabin, since cabins are subjected
to deformational tests. In case of negative results, the design needs to be improved
and the critical points need to be stiffened. Repeating the tests on a new functional
model represents considerable financial cost and often a time delay in the design and
implementation of a new or innovated mobile working machine.
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Therefore, in order to optimize the design processes, manufacturers are looking
for new possibilities andmethods to simulate the important safety tests and gradually
approach the final solution [4, 5]. Thesemethods can be realised using CAD software
and computing programs, such as the finite element method [6].

71.1.1 Roll-Over Protective Structures—ROPS

They include all elements and parts which are a permanent part of the cabin frame,
excluding demountable parts such as cabin door or window, glass structures.

The procedure of destruction tests for various types of machinery, auxiliary test
equipment, such as the structures for distributing load stress, or the evaluation and
individual assessment of the performed test is specified in the standard. The standard
also defines the required load depending on the category, use andweight of themobile
working machine [2, 3].

71.1.2 Falling Object Protective Structures—FOPS

FOPS provide two categories of acceptability, taking into account the usability of a
specific mobile working machine.

Category I is applied to the protection of the driver against falling bricks, concrete
blocks, hand tools, tools used for road maintenance, tools for landscaping and other
service activities at thework station. It is assumed that protection against the intrusion
of the above objects will be provided for category I in the event of a round object
falling from a height sufficient to generate energy 1365 J. The spherical object is
made of sufficiently strong steel or ductile iron, weighing 45 kg and its diameter not
exceeding 250 mm. Furthermore, the standard strictly prescribes the procedure of
the destructive test itself, as well as the location of the DLV (Deflection Limiting
Volume) [7] under the tested protective structure and the exact location of the falling
object depending on the machine category.

Category II provides protection for the driver against heavy objects, for example
trees or stones. Cylindrical or spherical objects with maximal diameter of 400 mm,
capable of achieving energy of 11,600 J on impact are used for category II tests.
Their impact surface must be circular with a diameter of 200 mm, based on planar
surface.

Basic cabin dimensions are represented by length (1566 mm), width (823 mm)
and height (1435 mm), Fig. 71.1. Sheet metal plates and special cabin profiles are
designed with wall thickness of 4 mm steel.
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Fig. 71.1 Basic cabin dimensions

71.2 Simulation of Cabin Safety Tests

The process of verifying the resistance of the skid steer loader cabin by simulation
with respect to the safety requirements of the FOPS and ROPS regulations can be
divided into two main steps. The first step consists of the preparation of 3D data
supplied by the cabin manufacturer. During the second step, the strength calculation
can be performed by the finite element analysis.

71.2.1 Preparation of 3D Data

The preparation of 3D data from the cabin manufacturer involves the modification of
the modular structure so that the shape and properties of the structure are preserved.
The preparation simplifies and creates continuous surfaces in places intended for
technological tasks—e.g. welds. Since the construction of the cabin of a mobile
working machine consists of special cabin profiles (butterfly profiles) and sheets
with a constant cross-section and thickness, the original volumetric model can be
simplified to a surface model of the cabin. During this modification, it is necessary
to create median surfaces of the original profiles from the volumetric parts of the
cabin profiles and sheets of a certain thickness. In the interest of a trouble-free mesh
creation, but with an effort to maintain the rigidity of the original model, the removal
of small radiuses on the cabin profiles is also an important step, Fig. 71.2a, b.

The prepared surfacemodel of the cabin is used as an input to the simulation,where
it is necessary to define the boundaries and conditions including loads determined
by the standard for safety tests of cabins.
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(b)(a)

Fig. 71.2 a Cross-section of a volumetric model and b Cross-section of a surface model

71.2.2 Simulation of the Safety Tests

Simulation was run in Ansys computing software, where a mathematical model was
created. Shell linear elements were used for mathematical model creation. Cabin
mounting brackets of the frame were discretized by linear volume elements (solid).
During the mesh generation, a flat four-node element was used for all cabin profiles,
side and rear sheet metal plates. A volumetric ten-node element was generated for
the solid attachments of the cabin to the frame, Fig. 71.3.

71.2.3 Boundary Conditions of the Calculation

The cabin frame was fixed (all degrees of freedom were removed) on surfaces that
are in contact with the rigid frame of skid steer loader as throughout normal working
conditions. In this context, it is necessary to mention the use of “silent blocks” in the
places of attachment of the cabin to the frame of the working machine. This fixation
was not considered during the mathematical calculation.

71.2.4 Loads

In case of the application of a lateral load, the area representing the plate of the
loading press during the real test was modeled. This plate was loaded with the force
required to achieve the deformation energy prescribed by the standard for skid steer
loaders of a givenweight category. After reaching this energy, the plate was gradually
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Fig. 71.3 Mesh elements
generated on the mobile
working machine cabin

relieved until zero load. Cabin deformed in previous step is used as an input for a
vertical load. Cabin is vertically loaded on surfaces which are in contact with the
load plate of the test press.

71.3 Comparison of Simulation and Test Results

Results from the lateral force loading are taken into account for the purpose of
comparison.Basedon themathematical simulation and the results of the experimental
destructive tests on the cabin prototype, several conclusions can be drawn.

It is important to mention the fact that the cab subjected to the mathematical
calculation was fastened with fixed couplings at the points of attachment to the
frame of the working machine. During the real tests, the cabin was attached to the
machine frame by means of elastic parts (silent blocks), as well as during its working
operation. In addition to the loader frame, the experimental equipment safety test of
the cabin also includes work equipment, Fig. 71.4a, b.

The resulting graphs of the dependence of the cab structure deformation on the
lateral loading force can be used as comparable outputs. In the case of mathematical
calculation, the graph is generated from the calculation software, in the experimental
test the values of force and deformation are recorded during loading, Figs. 71.5 and
71.6.
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(b)(a)

Fig. 71.4 a Deformation of the cabin structure at maximal simulated load and b Deformation of
the structure after the maximal real test load

Fig. 71.5 Dependence of cabin deformation on the loading force at lateral simulated load

71.4 Conclusion

Based on the dependence of the cabin structure deformation with respect to the
increase of the lateral force from the computational simulation, the maximum defor-
mation of the cabin in the simulation is approximately 110mm, based on the graph of
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Fig. 71.6 Dependence of cabin deformation on the loading force at the real lateral load

measured values the maximum deformation of the cabin is approximately 160 mm.
After evaluating the slow-motion video from the real load test, it was possible to
conclude that a higher value of deformation may arise due to the attachment of the
cab to the frame of the working machine by means of flexible parts.

The mathematical simulation also verified other test loads prescribed by the stan-
dard for ROPS type roll-over protective structures, both vertical and longitudinal
loads. Protective structures protecting against falling objects of FOPS category Iwere
also verified and the calculation was performed as a dynamic analysis of a falling
spherical body, through explicit time integration. Due to the high time complexity
of the calculation, only the first impact of the spherical body was monitored, further
reflections were no longer simulated.

Based on a comparison of the load results of the cab of a mobile work machine,
either bymathematical simulation or a real load test, it can be concluded that appropri-
ately selected calculation parameters and boundary conditions can confidently verify
the safety of mobile work machines cabin with respect to applicable regulations and
standards by mathematical simulation.

Such predictive method greatly simplifies and speeds up the design of innovative
mobile work machine modules already during the design phase, and allows design
changes to be adapted in time, even before the prototype production phase. A reduc-
tion in the time required for the development, production and testing of the working
machine module is achieved. The financial costs are also reduced due to the fact that
the 3D data is tested by simulation, and it is not necessary to subject several pieces
of manufactured cabins to a real test.
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Chapter 72
Determination of Zipline Braking
Distance

Tanasije Jojić , Jovan Vladić, and Radomir Ðokić

Abstract This paper defines the determination of zipline passengers braking
distance. Considering that there is currently no legal regulation in Serbia which
defines devices for zipline braking and arresting, the determination of safe braking
distance is based on some foreign standards. The first part of the paper gives a short
description for determination of required kinematic parameters. This is followed
by a description of the human body tolerances, and finally, an example of braking
distance determination for passengers who are traveling along concrete zipline which
was built on Fruška Gora is given.

Keywords Zipline · Braking · Velocity

72.1 Introduction

The analysis of passenger’s kinematic parameters consists of two parts. First part
includes static analysis which is based on catenary theory, while the second part
takes into account inertial forces, air and movement resistance, tightening force,
the position of a passenger during lowering, etc. The theoretical analysis is detailed
described in [1], and the impact of anchorage type and tension rope force in [2].
The impact of other influential sizes is presented in [3] and [4]. An excerpt from
some foreign standards is given in [5], as well as an overview of existing or patented
solutions of arresting systems.
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72.2 Human Body Tolerances

In the NASA study titled Human Tolerance to Impact Velocities, can be found a
diagram shown in Fig. 72.1 that shows the chances of survival when hitting a hard
flat surface at different velocities [6]. There are three zones on the diagram:

– zone of certain survival,
– zone of marginal survival, and
– fatal zone.

The “zone of certain survival” still carries significant potential for serious injury,
so do not mistake that zone as an acceptable, safe, or desirable outcome.

Knowing that the final speed of the free fall from a certain height is calculated as:

v = √
2 · g · h (72.1)

The diagram given in Fig. 72.2 shows a comparison of arrival velocities to their
equivalent free fall distances. These values can be used to assess ziplines arrival
speeds and to get an understanding of how far a patron is “falling” when they arrive
at a terminal platform. For example rider traveling at 30 m/s has the same velocity
as someone falling from 45 m.

Fig. 72.1 Different survival
zones

Fig. 72.2 Comparison of
arrival velocities to their
equivalent free-fall distances
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The diagram shown in Fig. 72.1 gives information about the possibility of survival
when the body moving at a certain speed stops instantly. However, since there is no
instantaneous stop at regular usage of zipline, it is much more practical to observe
the acceleration or deceleration of passenger.

The acceleration or deceleration ismanifested by the load on the passenger’s body,
so the value of the accelerationwill not be observed, but the force that the acceleration,
i.e. deceleration, caused. The force is usually not expressed by its intensity but by
the relationship to the weight of the passengers, the so-called G-force.

Since the human body does not receive a certain G-force in all directions equally
[7], a coordinate systemhas been introduced as in Fig. 72.3. Figure 72.4 represents the

Fig. 72.3 Passenger’s coordinate system

Fig. 72.4 Allowable combined magnitude of X and Z accelerations
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allowable combinedmagnitude ofXandZaccelerations for thementioned coordinate
system.

According to the ASTM F2291 standard [6], the maximum value of G-force
during braking for sitting position is allowed in + X direction and has intensity of
6 g.

However, since the passenger is connected to the trolley by belts which allow
swinging in the direction of movement, a braking force of 6 g will cause an upward
swing and the passenger may hit the zipline cable. It has been empirically determined
that the braking force should not exceed the intensity of 2.5 g.

From the equation of work it follows that the force in the case of stopping a body
which was moving at a velocity v on the length l is:

1

2
· m · v2 = F · l ⇒ F = m · v2

2 · l (72.2)

As already mentioned, the G-force can be defined as the ratio of the force acting
on that body and its own weight, so it follows:

G = F

m · g =
m·v2
2·l

m · g = v2

2 · l · g (72.3)

It can be noticed from (72.3) that the intensity of the G-force, for a certain
initial braking velocity, can be influenced by the path, i.e. the length at which the
deceleration will take place.

72.3 Example

Observing the lowering of a trolley with two passengers in sitting position (cw = 0.5
and A= 0.5 m2) in quiet weather along a zipline with a span of 1404 m and a vertical
drop of 109 m, where the rope with diameter of 16 mm is used, a velocity diagram
which is shown at Fig. 72.5 is obtained [8]. Blue curve represents the minimal weight

Fig. 72.5 Diagram of
velocity for masses of 130 kg
and 200 kg
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of two people (e.g., mother and child), while red curve represents themaximal weight
that can occur (e.g., two men). Since the passengers are sitting one behind the other,
the surfaces exposed to the air do not change significantly.

Based on Eq. (72.3), it follows that if we want to stay in the range up to 6 g, the
braking distance should be:

lQ=130 kg = v2Q=130 kg

2 · G · g = 2.772

2 · 6 · 9.81 = 0.06 m (72.4)

lQ=200 kg = v2Q=200 kg

2 · G · g = 12.472

2 · 6 · 9.81 = 1.32 m (72.5)

while if we want to stay in the range up to 2.5 g, the braking distance should be:

lQ=130 kg = v2Q=130 kg

2 · G · g = 2.772

2 · 2.5 · 9.81 = 0.15 m (72.6)

lQ=200 kg = v2Q=200 kg

2 · G · g = 12.472

2 · 2.5 · 9.81 = 3.17m (72.7)

Based on the above-calculated parameters, it can be concluded that the braking
distance has to be slightly larger than 3 m.

However, considering that the usage of ziplines is allowed even in slightly windy
weather, for the case of tailwind with an intensity of 6.5 m/s, the velocity diagram
for a trolley with passengers of 200 kg would look as shown in Fig. 72.6.

The braking distance for that case should be at least:

lwind
Q=200 kg = v2Q=200 kg

2 · G · g = 21.122

2 · 6 · 9.81 = 3.79 m (72.8)

but recommended:

Fig. 72.6 Diagram of
velocity for a mass of 200 kg
and tailwind
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lwind
Q=200 kg = v2Q=200 kg

2 · G · g = 21.122

2 · 2.5 · 9.81 = 9.09m (72.9)

72.4 Conclusion

Considering that ziplines are a relatively new system, there are still no appropriate
regulations for their construction and usage. For ziplines with small inclination
angle or so-called “from three to three” ziplines, on which high velocities cannot
be achieved, there was no greater danger of injuring. However, as a large number of
high-range ziplines have recently been built on which it is possible to achieve high
velocity, the topic of braking has become much more interesting. Within this paper,
the importance of the adequate selection of braking or arresting devices is pointed
out, as well as a computational example.
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3. Ðokić, R., Vladić, J., Jojić, T.: Zipline computational model forming and impact of influential
sizes. In: Proceedings of the Seventh International Conference Transport and Logistics, TIL
2019, pp. 71–74. University of Niš, Niš (2019)
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Chapter 73
Risk and Safety of Cylindrical Tank
Exposed to Fire

Mirko Ðelosević and Goran Tepić

Abstract This study presents a completely new methodology for analysis of frag-
mentation due to the explosion of cylindrical tanks. The epistemic uncertainty of
kinematic parameters is eliminated by the introduction of initial acceleration, which
depends on the type of tank material and the temperature effect. The most probable
range of the fragment due to the explosion of the tank is between 600 and 650 m.
The ranges of the fragments are shownwith credible statistical distributions. Relevant
factors for assessing fragmentation hazards include the trajectory of the fragment,
the height and distance of the target from the tank. Fragments of pronounced aero-
dynamics do not pose a danger to targets up to 15 m high and at distances up to 50 m.
The presented paper proposes an advanced methodological concept for the reliable
analysis of the fragmentation of different process equipment in order to adequately
manage the process risk.

Keywords Risk · Explosion · Cylindrical tank

73.1 Introduction

The most common causes of accidents in the process industry are related to explo-
sions. The explosion of the tank is accompanied by the effect of fragmentation,
which is a serious hazard for neighboring facilities. The first fragmentation models
were applied for risk assessment purposes in nuclear facilities [1, 2]. Almost 80%
of accidents in the process industry are related to the fragmentation effect, where
the number of generated fragments is one-digit [3]. About 60% of the fragments
created by the explosion of the tank cover an area of ±30° relative to the center of
the tank [4]. Some recent studies are based on the results of these studies [5, 6]. The
entropy model is the most common in the literature for estimating the number of
generated fragments [5]. The explosion of the tank within the industrial plants are
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usually accompanied by a BLEVE effect [7, 8]. Adequate fragmentation risk assess-
ment is not possible without analysis of fragmentation mechanics. In the literature,
this aspect of fragmentation analysis is considered through a simplified model [9].
The main disadvantages of the simplified fragmentation model are that the literature
does not state the limitations of its application [10]. The simplified model implies
the definition of the initial velocity, the estimation of which is mainly of an orienta-
tional character. Experimental determination of the initial velocity of the fragments
is presented in [11]. The aim of this paper is to assessment the kinematic parameters
fragments and risk due to the explosion of cylindrical tanks caused by the BLEVE
effect.

73.2 Critical Zone of the Tank

The critical zones of the cylindrical tank are estimated according to (73.1) and (73.2).
The cylindrical tank considered in Fig. 73.1 has three characteristic zones (A–A, B–
B) and (C–C). The fracture along the critical zone A–A takes place at the tank with
a torispherical end caps, while the elliptical end caps influences the tank fracture in
the B–B cross-section (Fig. 73.1a). The fracture along the cross-section C–C occurs
exclusively in the tanks with spherical end caps (Fig. 73.1b).

Fig. 73.1 Construction and dimensions of cylindrical tank according to DIN 28,013
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√

σ 2
x + σ 2

θ − σxσθ + 3

2
(σx − σθ )2 = 98 · pcr (73.3)
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λ = 4

√
12(1 − ν2)

D2δ2
(73.4)

A tank fracture occurs when the critical stress (σ cr) reaches the tensile strength
of the material (f m = 470 MPa). The pressure that leads to a tank fracture is pcr =
4.8MPa.Maximum operating pressure according to theoretical concept and standard
EN 13,445–3 does not exceed 2.1 MPa. The actual working pressure for the tank
from Fig. 73.1 whose wall thickness is 14 mm does not exceed the value of 1.7 MPa.

73.3 Fragmentation Mechanics

Fragmentation mechanics enables the definition of kinematic and dynamic param-
eters of fragments necessary for risk assessment. These parameters depend on the
shape and mass of the generated fragments. The dynamics of the flight of the frag-
ment which has mass mfr and velocity vfr is described with the ordinary differential
equation (Fig. 73.2).

Fig. 73.2 Fragmentation of horizontal cylindrical tank
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m f r ·
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)
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2
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1
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ρvCL ALv f r

)
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(73.5)

m f r

(
dv f r

dt

)
y

= 0 (73.6)

m f r ·
(
dv f r

dt

)
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1

2
ρvCDADv f r

)
· (v f r sin ϕ)

−
(
1

2
ρvCL ALv f r

)
· (v f r cosϕ) + m f r g = 0

(73.7)

For each of the generated fragments, the initial conditions of the following form
should be included:

(x f r )0 = x0 ∧ (z f r )0 = z0 (73.8)

(vx, f r )0 = vxo ∧ (vz, f r )0 = vzo (73.9)

73.4 Results

Dynamic analysis of fragments flight indicates three characteristic trajectory shapes:

• parabolic,
• spiked and
• transient.

The parabolic shape occurs when there is almost no fragment thrust, while the
spiky shape characterizes the aerodynamic shapes. The transient shape is a combi-
nation of the previous two variants and is the most probable case in the fragments
flight. Fragmentation characteristics are classified into fixed and variable parameters.
The variable parameters are different for each case of the trajectory of the fragment,
and include the coefficients kL (73.10) and kD (73.11). The combination of different
values of kL and kD gives the potential trajectories of the fragment for given fixed
parameters (Fig. 73.3). Targets of less height and base follow a lower risk. Fragmen-
tation parameters are analyzed at distances of 50 m, 100 m, 150 m and 200 m for a
maximum target height of 15 m (Table 73.1), and include the achieved height h (m),
flight time t (s) and the velocity of the fragment v (m/s).
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Fig. 73.3 Trajectory shapes
and fragment range (mfr =
200 kg, ψ0 = 35°)
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Table 73.1 Parameters for estimating fragmentation hazards with the height of the object

Distance Index Mass of the fragment: 200 kg

50 m 100 m 150 m 200 m

Case 1 h [m] 4.330 8.580 12.400 14.300

kL = 0.0000 t [s] 0.062 0.195 0.47 1.077

kD = 0.0150 v [m/s] 564 264 124 59

Case 6 h [m] 25.550 69.600 153.27 83.740

kL = 0.0041 t [s] 0.075 0.303 1.602 9.885

kD = 0.0150 v [m/s] 421 120 14 6

Case 11 h [m] 9.340 20.610 34.130 49.540

kL = 0.0008 t [s] 0.047 0.127 0.268 0.515

kD = 0.0105 v [m/s] 823 474 272 155

Case 15 h [m] 13.460 29.650 47.760 68.550

kL = 0.0008 t [s] 0.028 0.066 0.115 0.181

kD = 0.0050 v [m/s] 1545 1165 880 658

kD = 1

2

ρvCDAD

m f r
(73.10)

kL = 1

2

ρvCL AL

m f r
(73.11)

73.5 Conclusion

The paper presents the original fragmentationmodel for the identification of the kine-
matic parameters of the fragments generated by the explosion of a tank. The model
includes the influence of the temperature manifested through the BLEVE effect.
Distributions of the probability density for the range of fragment of mass 200 kg
are determined. The maximum range of a fragment of mass 200 kg corresponds to
the launching angle up to ϕ0 = 35°. Trajectories of fragments are a basis for hazard
identification in order to assessment fragmentation risks in the process industry. The
trajectory shape defines the ratio of the thrust to the air resistance.
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Chapter 74
Education 4.0 for Industry 4.0

Biljana Marković and Aleksija Ðurić

Abstract Industry 4.0 has raised many challenges for the industry as a whole, but
also for the education system that generates the necessary knowledge for newexpecta-
tions and challenges in the industry. Companies that embark on these challengesmust
be able not only to effectivelymanage information about their product, throughout the
entire life cycle, but also to count on highly qualified professionals who will be able
to do so. Therefore, mechanical engineers, who carry out production processes, as
well as engineering students at universities, should develop new skills and meet new
market demands. This means that the education system must do everything in time
to enable the transformation of the curriculum in order to approach the requirements
of Industry 4.0. Therefore, Industry 4.0 requires Education 4.0 as a prerequisite for
realization.

Keywords Education · Industry 4.0 · Competences

74.1 Introduction

The epochs of industrial development are often called the “industrial revolution”.
The fourth of such industrial revolutions (Industry 4.0) has led to incredibly rapid
changes resulting from the extremely rapid development of science and technology.
Changes in production technologies related to automation and digitization are known
as Industry 4.0.While Industry 3.0 focused on automating certain business processes,
Industry 4.0 focuses on the digital transformation of enterprises. The fourth industrial
revolution (Industry 4.0) arose in the correlation between the existing traditional
industrywith innovations in the field of the Internet, i.e. in the field of information and
communication technologies (ICT). This involves digitizing all physical assets and
creating new digital ecosystems, including value chain partners [1]. Data generation,
analysis and communication enable the performance promised by Industry 4.0, as
it networks a wide range of new technologies in order to create value. The focus of
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University of East Sarajevo, Faculty of Mechanical Engineering, East Sarajevo, Republika Srpska,
Bosnia and Herzegovina
e-mail: biljana.markovic@ues.rs.ba

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. Rackov et al. (eds.), Machine and Industrial Design in Mechanical Engineering,
Mechanisms and Machine Science 109,
https://doi.org/10.1007/978-3-030-88465-9_74

723

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88465-9_74&domain=pdf
http://orcid.org/0000-0001-8915-4791
http://orcid.org/0000-0002-0251-6364
mailto:biljana.markovic@ues.rs.ba
https://doi.org/10.1007/978-3-030-88465-9_74


724 B. Marković and A. Ðurić

Fig. 74.1 From Industry 1.0 to Industry 4.0 [1]

these changes is mostly related to process models, methods, IT tools and information
models in the development of smart products and services, i.e. smart factories. Based
on the literature data [1], the following components of Industry 4.0 can be identified
(Fig. 74.1):

• Cyber-Physical Systems CPS,
• Internet of Things IoT,
• Internet of Services (IoS) service, and
• Smart Factory.

74.1.1 Industry 4.0 Market Needs for New Professional Skills

Each era of industrial evolution (from 1.0 to 4.0) is innovative and requires new
skills from the involved professionals. Technological development has shattered old
models of work, requiring even more skilled professionals, especially in process
of product development [2]. Industry 4.0 has changed something else, introduced
new professions that did not exist in previous industrial revolutions. Thus, the skills
of professionals have not changed according to the needs of the industry, but new
professions have been introduced for which skills must be acquired, and therefore the
way they learn, which has influenced teaching and learning methodologies (BRICS
Working Group for Skills Development, 2016). Following the models of developed
countries of the world, it would be logical for companies to review what knowl-
edge and skills are acquired at universities and suggest methods on how the next
generations should learn, in order to meet their needs in a sharp and fast market
competition.
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The first step in trying to catch up with world ideas in that sense, within B&H, or
the closest environment (Serbia), is the so-called dual education, a level of secondary
education that enables “learning through work”, in order to achieve the principles of
accessibility, relevance, lifelong learning, the right to choose, equal opportunities,
partnerships, professionalismand ethics, quality assurance.Legislation that is defined
in this sense, in order to establish rules of conduct for employers and students, tries to
systematically address and quantify the scope of teaching and the scope of practice,
which would optimally enable the acquisition of competencies needed by industry
at the moment.

What is happening with university education?

Will the need for human resources, in the environment of Industry 4.0, by the elim-
ination of certain jobs, due to the transformation and automation, digitalization and
application of information technologies that are constantly advancing, lead to the
disappearance of the need for human labor or will it increase or lead to other, new,
different jobs, for people of the new generation, educated according to the principles
of education 4.0?

What postulates, what requirements and challenges are thus placed before the
new university role in achieving the application of the principles of Industry 4.0 in
our framework?

It should be noted here that this challenge, for building a digital culture and
properly training people, is equally applicable in developed and underdeveloped
countries, even for companies considered to be technologically advanced, as well
as for companies from different industrial sectors. This is something that can be
expected, because the implementation of Industry 4.0 has serious implications on the
organizational structure of the company, the way it works and the applied delivery
models.

Although training or retraining of the workforce is one of the biggest challenges
facing Industry 4.0, this topic has not receivedmuch attention at the level of vocational
education, except in the beginnings of dual education, and least in reshaping the
curriculum offered at the level of higher education, within our framework.

74.1.2 Results of World Research

Similar trends are reported in theEUSkills Panorama 2014 [3].According toEurostat
data, in 2013, over 32 million employees worked in the manufacturing sector across
the EU. Although employment in the entire EU manufacturing sector is expected to
decline by 4% by 2025, employment in high-tech manufacturing sectors is expected
to create more than 2 million jobs.

The implementation of Industry 4.0 is expected to face a number of challenges.
Since Industry 4.0 continues to the previous generation of the revolution, but also
the generation of caught workers of all profiles, who are profiled in it, according to
research by Price water house coopers [4] the most important challenges to face are:
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• Lack of digital culture and training (50% of respondents),
• Lack of a clear vision of digital operations and support/leadership of top

management (40%), and
• Unclear economic benefits and digital investments (38%).

Relevant available research, presented through different methodologies to predict
the skills needs required to implement Industry 4.0 provide a description of the
general environment, forecasting, skills needs analysis and implementation of educa-
tional structures and programs related to the stages of development of new technolo-
gies. It can be concluded that the demand for research and development and design, IT
anddata integration, production robotics and automation, logistics, sales and services,
while the demand for occupations for production and quality control is decreasing.
However, changing the required technical skills will not be the only change. Staff
must adapt to new forms of organizational structures in terms of processes and
personnel issues and the new human role in production processes. Further, the digital
transformation of the enterprise implied by the Industry 4.0 initiative requires new
delivery approaches for software development and application [5].

These changes in the labor market will dramatically affect the labor market, more
specifically the skills required and the way companies recruit their staff. The World
Economic Forum [6] suggests that several major changes are needed in the way
businesses view and manage their employees, both immediately and in the longer
term, i.e. the period of transition to the required skills. Mentioned skills are: coor-
dination, ability to negotiate, problem solving, flexibility, ability to make decisions,
human resourcemanagement, critical thinking, emotional intelligence, creativity and
judgment.

The fact that the skills required for Industry 4.0 are numerous and diverse has been
recognized in various studies [7, 8], where the identified competencies are grouped
into 4 categories, namely:

• Technical competencies such as superior knowledge, process understanding,
technical skills, etc.,

• Methodological competencies include the following: ability to solve problems
and conflicts, creativity, ability to make decisions, research and analytical skills,
orientation towards efficiency,

• Social competencies such as intercultural skills, language skills, skills commu-
nication, networking skills, ability to work in a team, ability to compromise and
cooperate, ability to transfer knowledge and leadership skills, and

• Personal competencies that include flexibility, tolerance for ambiguity, motivation
to learn, ability to work under pressure, sustainable mindset, and compliance.

However, the papers of authors from the earlier period [9], through the analysis
of the assessment of competencies of mechanical engineers (Star of competencies),
show 5 fields of competencies, which are necessary for successful work in real
production capacities of developed countries and highly technologically developed
industries. aircraft…).
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74.2 Research Results in U B&H, Industry 4.0

74.2.1 Benchmarking of Manufacturing Industry in B&H,
Regarding to Croatia

Investigating the place and level of current development of production capacities in
B&H, in relation to the needs and requirements of Industry 4.0, through 9 fields,
Table 74.1, colleagues from the Faculty of Mechanical Engineering in Sarajevo
conducted a research study, modeled on research conducted in Croatia, using the
same methodology.

The research methodology applied is identical to the methodology applied in
the research of Veža and others which aimed assessing the level of advancement
of manufacturing companies in Croatia [10]. Replicating the same methodology for
survey in B&H, the same way as it was implemented in Croatia, also aimed to enable
benchmarking of Croatian and B&H production companies. Besides, the developed
methodology evaluates the real situation in companies based on the field research
approach (valuating also the level of business process development of companies),
which is a better-quality approach than research and assessment of the state of the
industry based only on desk research approaches with certain available indicators,
such as presented with the paper of Atika and Unlu [11].

The average B&H manufacturing company, in terms of the level of development
in relation to Industry 4.0, is still at the second industrial revolution with a quan-
tified level of 2.19. The research was done in 2019 and included a sample of 47
manufacturing companies (350 contacted companies), that responded to survey, of
different sizes and from different industries, located throughout B&H, (in Croatia
during 2015, reached level of 2.15, using the same research method). The method-
ology used in this paper is a very good starting point for a realistic assessment of

Table 74.1 Evaluated processes

No. Area to which the question relates

1 Product development

2 Degree of automation

3 Work orders management

4 Product traceability through production

5 Input materials inventory and work in progress (WIP) inventory management

6 Finished goods inventory management

7 Quality management

8 Product Lifecycle Management—PLM

9 Green and lean production
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the level of development of industrial companies. The methodology could be further
refined with on processes that are not well enough covered, such as supply chain
management.

However, the previously evaluated results do not show the causes of this situation
in factories in B&H (2.19), in relation to Industry 4.0, which are directly related to the
necessary knowledge of employees, whether managers at all levels of management
or technical staff, engineers or operators. More precisely, the research shows the
level of knowledge and use of 9 areas, Table 74.1, without going into the causes
and reasons for lagging behind developed countries, from the point of view of the
necessary competencies of the relevant staff.

The first results of the research related to the competencies required for Industry
4.0 acquired by students of the Faculty of Mechanical Engineering of public univer-
sities in B&H were conducted in March 2021. The focus of the research was on the
study programs of the first cycle of studies related to the scientific field ofMechanical
Construction and Product Development. The research is based exclusively on infor-
mation available on the website of the Faculties of Mechanical Engineering in B&H.
The aim of the research was to determine the degree of representation of subjects
in the mentioned study programs dealing with the development of competencies in
students that are important for industry 4.0, namely: knowledge of product develop-
ment methods, ability to use 3D modeling software, knowledge of algorithms and
programming (to develop a program), knowledge of reversible engineering methods
(3D scanning and 3Dprinting), knowledge ofmechatronic systems, knowledge of the
basics of entrepreneurship and the acquisition of soft skills. In B&H, students of five
mechanical faculties of public universities offer a study program of the first cycle of
studies in the field of mechanical constructions and product development, namely:
Faculty of Mechanical Engineering, University of Sarajevo, Faculty of Mechan-
ical Engineering, University of East Sarajevo, Faculty of Mechanical Engineering,
University of Zenica, Faculty of Mechanical Engineering “Džemal Bijedić” Mostar
and the Faculty of Mechanical Engineering, Computing and Electrical Engineering,
University of Mostar. Table 74.2 shows the results of the previously mentioned
research. For each of the mentioned faculties, a subjective analysis determined the
project of subjects that enable the acquisition of the previously mentioned compe-
tencies. For subjects that have in their syllabuses over 60% of the material related
to these competencies, the number 1 is assigned, and for subjects that have from 30
to 60% of the material, the number 0.5 is assigned. The representation of relevant
subjects was determined by dividing the total number of subjects, by the number of
those gravitating to Industry 4.0, multiplied by 100%.

The results show that there is a very small representation of subjects at the faculties
of mechanical engineering in B&H, which enable the acquisition of competencies
required by Industry 4.0. Taking into account the complex system of education in
B&H as well as the legal framework, in the future it will be very difficult to adjust the
content of study programs to the needs of Industry4.0 in order to acquire the necessary
competencies. The large number of basic subjects required for the education of
mechanical engineers is a limiting factor, too. It is recommended that the existing
curricula (20% in the Republic of Srpska without the approval of the Ministry, with
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Table 74.2 Degree determination of representation of subjects that enable the earning of compe-
tencies required by Industry 4.0 in the study programs at public Faculties ofMechanical Engineering
in B&H

Faculty Faculty of
Mechanical
Engineering,
University of
Sarajevo

Faculty of
Mechanical
Engineering,
University of
East Sarajevo

Faculty of
Mechanical
Engineering,
University of
Zenica

Faculty of
Mechanical
Engineering,
University of
“Dzemal
Bijedic”
Mostar

FSRE,
University of
Mostar

Study program
Name

Mechanical
constructions

Machine
constructions
and product
development

Product
Engineering
Design

Product
Design

Constructing
and
developing
products

Year licensing 2012 2017 2015 2020 –

Study duration 3 years 4 years 4 years 3 years 3 years

ECTS points 180 240 240 180 180

Number of
subjects in the
study program

36 46 56 32 37

Number of
subjects that
enable the
earning of
competencies
required by
Industry 4.0

4.5 8 9 3.5 6

Representation
of subjects that
enable the
earning of
competencies
required by
Industry 4.0

12.5% 17.4% 16.1% 10.9% 16.2%

the approval of the NNV faculty) be changed within the legal framework, and that
coordination be done between the contents of relevant subjects, i.e. a course that
would involve a student starting certain project assignments in one course and ending
in another.
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74.3 Education 4.0

74.3.1 “Good Practice” Examples

In research studies and examples of practice in developed countries, which have
brought the level of education of future mechanical engineers, through established
educational models (Karslruhe model. KaLep, Germany), [9] closer to real practical
conditions, it is clear that it is necessary to introduce or increase the level of study,
so-called soft skills, in relation to the representation of the study of hard engineering
skills (hard skills).

In the Netherlands, for example, models of so-called “makerspace” are used.
Makerspaces are prototype and digital production environments that integrate
machines, devices and enable creativity, stimulating joint innovations and new busi-
ness development [12]. In these environments, participants are expected to use
these devices independently, encouraging learning and knowledge sharing, providing
dynamic interactions among participants in research, education, development and
production. In addition to providing access to technologies and tools, they also
encourage the exchange of knowledge and the creation of synergies, focusing on
creativity and innovation [12].

A similar educational concept (the example of KaLeP) was introduced at the
Faculty of Mechanical Engineering in East Sarajevo, through the subject Integrated
Product Development, up 2008, which very quickly showed all the benefits. Through
the course of the mentioned subject, mechanical engineers, for a period of 4 months,
acquired soft skills, which enabled them to obtain significant comparative advan-
tages over their colleagues who were not educated according to a similar program
when getting a job or during the realization of practical projects. The motivation of
students to work in this way has resulted in numerous awards, and some examples
of innovation that the student has realized are shown in Fig. 74.2.

74.3.2 Results of the Survey of Required Competencies
for Industry 4.0

During March and April 2021, a survey of the current competencies of mechanical
engineers required for Industry 4.0 was conducted. 44 mechanical engineers partici-
pated in the survey, of which 75% are from the real sector, and 25% are professors of
professional subjects of mechanical technical schools. The survey took into account
the geographical representation, the level of development of the company, the work
experience of engineers, so that 19% of engineers with more than 10 years of experi-
ence participated in the survey, 35.7% have between 5 and 10 years length of service,
while 45.2% of respondents have less than 5 years length of service. Table 74.3 gives
the results of the research based on the methodology presented in paper of Ferro
dos Santos and others [12]. The results of the survey show that the average grade
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Fig. 74.2 Papers of students of the Faculty ofMechanical Engineering, University of East Sarajevo
realized through the subject Integral Product Development

Table 74.3 Answers from the interviewed individuals

Competences Real sector engineers Technical school engineers

Communication skills 3.2 2.8

Teamwork 3.5 3.5

Long life lerning 3.2 3.4

Professionalism 3.5 3.4

Ability to solve problems and make
decisions

3.3 3.2

Technical competencies 3.1 2.9

Knowledge based on science and
engineering principles

3.1 2.8

Knowledge of contemporary issues 3.2 2.9

Engineering systems approach 2.9 2.6

Competence in specific engineering
disciplines

2.5 2.4

of surveyed engineers in the real sector is slightly better than the score obtained by
surveying engineers/professors working in mechanical engineering schools, which
is to be expected, because they solve real engineering problems every day and are
not obliged to respect and monitor items.
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74.4 Conclusions

The results obtained by researching current competencies related to Industry 4.0,
which are possessed by non-beginner mechanical engineers, are within expecta-
tions, given the current development of the economy in B&H and the equipment
of industrial capacities with necessary equipment, machines and devices, as well as
modern IT support. Also, the results are appropriate and in line with the results of
preliminary research study programs at the faculties of mechanical engineering in
B&H, which do not offer sufficient knowledge in the ability to acquire the necessary
competencies required for Industry 4.0. Thus, higher education that is not adapted to
the expected requirements, as a prerequisite for entering the third and then the fourth
industrial revolution, does not provide adequate staff that without preparation and
additional education can initiate changes in the economy and automatically adapt to
Industry 4.0. Therefore, in front of the education system in B&H, as well as in the
immediate environment, there is much room for transformation and development of
education methodology, based on examples of good practice of successful countries,
which can be applied in various industrial areas.

Also, it would be very interesting to repeat the same research with an interval of
one or more years, what would enable monitoring of actual progress of the industry
development and more effective guiding of such progress, underlining the needed
higher education enhancements in that sense.
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Chapter 75
Cyber Physical Systems
in Manufacturing Engineers Education

Zivana Jakovljevic and Dusan Nedeljkovic

Abstract Implementation of Industry 4.0 concept in manufacturing environment
requires the education of a new generation of engineers capable to address all the
challenges that this industrial (r)evolution brings about. Cyber Physical Systems
(CPS) represent technological basis of Industry 4.0 and the education of engineers
in this highly interdisciplinary area is a paramount for successful implementation
of Industry 4.0. In this paper we analyze expected levels of CPS implementation in
manufacturing environment, opportunities that they offer with respect to manufac-
turing customization and high product variety, as well as the changes, challenges and
threats that these systems introduce. Based on this analysis, the paper presents the
most important topics that should be covered in manufacturing engineers’ education
to provide them with necessary skills and competences, making them capable to
effectively design and implement CPS based solutions and Industry 4.0 concept at
factory shop-floor.

Keywords Cyber Physical Systems · Internet of Things · Industry 4.0

75.1 Introduction

Implementation of Cyber Physical Systems (CPS) and Internet of Things (IoT) in
manufacturing environment is significantly changing the way we manufacture. It
is expected that these changes will have the effect that the introduction of steam
engine, electricity, division of labor, electronics, etc. had in the past, i.e., that they
lead to new industrial (r)evolution known as Industry 4.0 [1]. Namely, contemporary
market conditions induced by globalization and fluctuating demand, force compa-
nies to embrace mass customization production paradigm [2] in which products are
manufactured according to the customer needs. This kind of production leads to
significant decrease of lot sizes up to the level of one-off products and, to survive in
such conditions, companies have to employ highly adaptablemanufacturing systems.
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Recent class of manufacturing systems—Reconfigurable Manufacturing Systems
(RMS) represents the main process enabler for mass customization paradigm [3].
They are characterized by high adaptability to different products that is achieved
through fast and economically effective changes in RMS functionality, structure
and capacity [4]. Required adaptability is provided through RMS functional and/or
physical reconfiguration that can be rapid and effective only if:

• Information about current status of the production process at shop-floor is
available in real-time, and

• A very high modularity of the system at hardware and software level is achieved.

Furthermore, for fast response to customer needs the status of the processes at
shop-floor should be shared with suppliers, users and other business stakeholders.
In other words, the integration of physical systems and their cyber representation
through interaction in real time is necessary, i.e., manufacturing systems should be
designed in a form of CPS.

Successful implementation of Industry 4.0 and digitalization of all business
processes requires highly skilled workforce with new job roles [5], and one of the
main pillars of Industry 4.0 is the education of engineers capable to design and imple-
ment CPS at factory shop-floor. In this paper we analyze some important aspects that
should be addressed during education of manufacturing engineers to provide them
with knowledge and skills necessary for CPS design and implementation.

The reminder of the paper is structured as follows. In Sect. 75.2we analyze the role
and different levels of CPS implementation inmanufacturing. Section 75.3 addresses
the distribution of control tasks to CPS within RMS, and verification and security
related issues introduced during this process. In Sect. 75.4 we provide some topics
that should be addressed in the education of manufacturing engineers capable to
implement CPS in manufacturing environment. Finally, Sect. 75.5 gives concluding
remarks.

75.2 CPS in Manufacturing

CPS are systems in which physical processes and computation are integrated through
real-time interaction, and the behavior of the system is defined by its physical and
cyber part [6]. One example of CPS is smart sensors and actuators that have inte-
grated computation and communication capabilities. Their development is enabled
by recent advances in embedded systems and Information and Communication Tech-
nologies. Instead of delivering raw data, smart sensors are capable to retrieve suitable
information from the system [7]. Figure 75.1 represents an example of smart sensor
for detection of abrupt changes in machining process that is based on vibrations
measurement. In this sensor, accelerometer as sensing element (ADXL311 Analog
Devices dual axis accelerometer) is augmented with wireless node based on low
power Atmel Atmega16 microcontroller and Microchip MRF24J40 IEEE 802.15.4
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Fig. 75.1 Smart accelerometer: a position on cutting tool and b node configuration

compatible transceiver [8]. An information machine based on discrete wavelet trans-
form and fuzzy c-means clustering models the behavior of the machining process
in normal conditions and in the presence of abrupt changes; it is implemented in
microcontroller and used for the detection of abrupt change during machining; the
occurrence of this change is transmitted to the higher level control system using
wireless transceiver.

Another example of CPS is a smart pneumatic cylinder with integrated prox-
imity sensors for limit positions detection and dual control valve that is augmented
with wireless node based on ARM Cortex-M3 MCU and Microchip MRF24J40
IEEE 802.15.4 compatible transceiver (Fig. 75.2). This smart cylinder is capable
of performing certain tasks in coordination with other smart actuators and sensors
within its networkwithout the need for high level control system aswill be elaborated
in Sect. 75.3.

Smart sensors and actuators, such as those we have presented, are applied in
various manufacturing resources for example machine tools (condition monitoring,
machine axes, etc.), robots (grippers, vision sensors, force sensors, etc.), measure-
ment equipment (measuring heads, laser sensors, etc.). These devices promote recon-
figurability of manufacturing resources, since, in addition to traditionally present
modularity of mechanical subsystems, they inherently provide the modularity of
software and control hardware components. Figure 75.3 presents an example of the

Fig. 75.2 Smart pneumatic
cylinder: a photo and b
pneumatic circuit
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Fig. 75.3 Reconfigurable manufacturing equipment based on smart axes

reconfigurable machine based on smart axes [9] with integrated computational capa-
bilities. In this approach, instead of using centralized high level control system, the
performance of the reconfigurable machine is achieved through interaction of axes’
local controllers.

Within RMS the CPS are configured as systems of systems where the systems of
lower complexity (smart sensors, actuators…) create more complex systems (manip-
ulators, machining systems…). The highest level of CPS implementation in manu-
facturing represents Cyber-Physical Production System (CPPS) [10]. Within CPPS
the whole manufacturing system and its cyber representation are integrated through
intensive real-time exchange of data/information (Fig. 75.4). For CPPS the high
permeability of data between physical world and cyber model is crucial; it enables
reliable virtualization of manufacturing system as well as the feedback from cyber
world to the physical system in real-time. It should be noted that cyber part of manu-
facturing system can be in the form of digital twin with virtual representation or
another kind of cyber representation. In addition to smart sensors and actuators that
are necessary for feedback, the realization of CPPS requires [10] a reliable network
of smart resources with common semantics, and methods for big data analysis and
information retrieval.

Fig. 75.4 Cyber-physical production system
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75.3 Distribution of Control Tasks to CPS

Implementation of smart devices with integrated computational and communication
capabilities at factory shop-floor will have significant influence on themanufacturing
processes control. Traditionally, inmanufacturing environment sensors and actuators
are connected to high level control devices which centrally control the behavior of
the system [11]. On the other hand, smart devices enable the distribution of control
tasks to their local controllers, where each device performs given subtask, and the
functionality of the system as a whole is obtained through smart devices’ intensive
communication and interoperability. It is expected that within Industry 4.0 traditional
automation hierarchy standardized by IEC 62264 will give the way to distributed
control systems. Nevertheless, all functions of the hierarchy will remain, but they
will be distributed over system elements [12, 13].

IEC 61499 standard enables modeling distributed control of manufacturing
resources based on smart modular equipment. Using this standard each smart device
is represented by its own object—function block that models its functionality, and the
behavior of the system as a whole is modeled by function blocks’ interconnection. As
an example, in Fig. 75.5 we provide the high level model (called application in IEC
61499 formalism) of a manipulator; the modeling is carried out in 4diac software
[14]. The manipulator has three degrees of freedom in configuration TRT carried
out using smart pneumatic cylinders A, C and B respectively with functionalities
such as in cylinder from Fig. 75.2 and a smart gripper denoted D augmented with
control valve and local controller. Each smart device is modeled using two function
blocks—one modeling the cyber and the other modeling the physical part of the
device. These parts are integrated through close real-time interaction modeled by
interconnection of input and output signals and events represented by solid blue and
red lines in Fig. 75.5.

IEC 61499 represents a very useful framework for modeling and simulation of
distributed control systems. Nevertheless, it assumes that the behavior and tasks allo-
cated to devices are known and that they are created by system designer; the standard
itself does not provide systematic method for the design of system parts behavior.

Fig. 75.5 Modular pneumatic manipulator and IEC 61499 application that models its behavior
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Distribution of control tasks to smart devices can be very complex and error prone.
To ensure safe and desired performance of the system, before deploying distributed
tasks to real-world devices, it should be verified that the requested behavior of the
system is maintained after the distribution of control tasks to local controllers. As
in the case of centralized control, different formal methods (that will be mentioned
in the sequel) can be used for this purpose. The starting point in verification is the
generation of the system model using the selected method whose behavior can be
verified by formally specifying the desired properties of the system and checking
their fulfillment using software tools that are available for different formal methods.
The most frequently used techniques for specification of the desired CPS properties
are Linear Temporal Logic—LTL [6] and Computation Tree Logic—CTL [15].

Intensive communication between the devices raises the issue of their interop-
erability. The first 4 layers of OSI (Open Systems Interconnection) communication
model are well standardized. On the other hand for the upper layers of commu-
nication OPC-UA (Open Platform Communication—Unified Architecture) offers
the most promising solution with respect to Industry 4.0 framework [1]. OPC-UA
represents an IEC (International Electrotechnical Commission) standard for data
exchange between devices in industry. Communication according to this standard is
platform independent and can be used with different communication media (wired
or wireless) [16]. The main goal of this standard is to ensure the interoperability
of devices through exchange of information along with its semantic meta-model
[17]. One of the main characteristics of OPC-UA is scalability in the sense that it
enables networking of different devices starting from sensors, actuators, through
programmable logic controllers (PLCs), embedded systems up to the Manufacturing
Execution System (MES) and Enterprise Resource Planning (ERP). Essentially, it
enables the communication inter and intra all levels of automation pyramid.

The ubiquitous communication opens up space for different cyberattacks and
raises security related issues. Generally, there exist a number of different attacks
that can be classified into denial of service and deception attacks. Denial of service
attacks prevent the data/information from reaching the intended device although sent
by transmiter; these kinds of attacks are similar to different communication related
issues and can be easilymisdiagnosed as connection problems. The deception attacks
on the other hand send fabricated messages trying to persuade the receiver that the
message is from the real device. Generally the goal of the attacker is to downgrade the
system performance through catastrophic damage or through degraded efficiency.

To make the system attack resilient, it is necessary to detect vulnerable commu-
nication channels and to implement appropriate security related mechanisms. The
techniques for vulnerability detection in discrete events systems are similar to the
techniques for system verification, but they include the models of attacks in addition
to the model of CPS [18]. Possible catastrophic damages are checked by verifying
the desired properties of the system. It should be noted that in the case of contin-
uous time controlled systems, cyberattacks protection mechanisms usually involve
the analytical model of the system (if available) or its model obtained using different
regression techniques including machine learning [19].
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75.4 Physical and Cyber Subsystem Co-Design

As can be observed from examples presented in previous sections, in CPS the
behavior of the system is defined by close interaction of cyber and physical worlds,
and CPS represent the intersection and not the union of these worlds [6]. Thus,
effective CPS require the co-design of cyber and physical part of the system that
necessitates highly interdisciplinary knowledge.

During the development of CPS three phases can be distinguished [6]:

• Generation of the system model,
• Design of the system and
• Verification of the system performance through its extensive analysis.

In CPS the design of physical part of the system (e.g., mechanical subsystem)
should be closely interconnected with the design of its cyber part, i.e., the control
hardware and software. Manufacturing engineers traditionally obtain competencies
in the design of mechanical subsystems, as well as in the design and implemen-
tation of sensing and actuation elements. Nevertheless, to carry out successful co-
design of physical and cyber part of CPS, future engineers should get competen-
cies in different embedded platforms such as microcontrollers, PLCs, DSP (Digital
Signal Processor) processors. The students should be familiar with the architecture,
capabilities, performances, and programming of such devices.

Since the information retrieval from raw data represents one of the main pillars
for successful virtualization of real-world factories within CPPS, the competencies
in signal processing and information retrieval are necessary. In this context different
techniques for stationary (Fourier Transform, FIR filtering, etc.) and non-stationary
(wavelet transform, Hilbert-Huang transform, etc.) signal processing should be
studied. Furthermore, significant competencies in Machine Learning and Artificial
Intelligence are needed to enable effective information retrieval from raw data.

The design of the cyber representation of the system is highly correlated with
the system model. In general, CPS are modeled using traditionally employed tech-
niques for corresponding systems. Discrete Event Systems (DES) are modeled using
Finite State Machines or Control Interpreted Petri Nets and the derived GRAFCET
and SFC (Sequential Flow Charts) concepts that are widely spread in control engi-
neering practice. For continuous time systems, generation of system model in the
form of Differential and Algebraic Equations is most frequently met. Furthermore,
for complex and non-linear systems different machine learning based models are
very useful. Hybrid models that contain both, DES and continuous time elements
can be generated using a number of different techniques among which time automata
can be singled out.

As shown in previous sections, to enable the manufacturing systems recon-
figurability, it is expected that strict automation hierarchy will be replaced by
truly distributed control systems. Thus, in addition to IEC 61131–3 PLC program-
ming languages next generation manufacturing engineers should be familiar with
IEC 61499 standard for modeling distributed control systems. Furthermore, the
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distributed control systems complexity usually makes them less transparent then
equivalent centralized control systems thusmaking their verification time consuming
and error prone. Considering this, to facilitate distributed control systems verifica-
tion, different formalmethods (finite state automata, time automata, PetriNets, Timed
Petri Nets to name a few) should be introduced to manufacturing engineers’ educa-
tion, as well as the methods for desired CPS properties specification such as LTL and
CTL. In addition, practical engineering techniques for distribution of control tasks
to smart devices (CPS) such as one presented in [20] should be studied; although at
the moment these techniques are scarce, it is expected that in the following years a
number of practically and readily applicable methods will be developed.

CPS represent a basis for Industrial Internet of Things (IIoT), and to successfully
implement IIoT manufacturing engineers should have competencies in Industrial
Internet Architecture as well as in different wired andwireless networks. In industrial
internet, interoperability of different devices is one of the most important aspects.
In this context, to ensure the interoperability of multivendor components/systems
within factory network engineers should obtain the knowledge and skills in OPC-
UA. Finally, within Industry 4.0 cybersecurity becomes one of the most important
issues.Different kinds of attacks, aswell as themethods for their detection/prevention
and for the design of attack resilient systems should be a part of the curricula for the
education of manufacturing engineers for Industry 4.0.

75.5 Conclusion

In this paper we have analyzed the most important aspects of CPS implementation
within Industry 4.0 manufacturing facility. The most significant opportunities, chal-
lenges and threats that this implementation brings about are considered, as well as
a number of different scientific and engineering methods/techniques that have been
employed for successful CPS design and implementation.

Based on the performed analysis, the crucial skills and competencies as well as
topics for education of manufacturing engineers capable to readily and effectively
employ CPS in real-world are identified. These topics cover the most important
elements necessary for (i) CPS design, development and implementation, i.e., co-
design of physical and cyber parts of CPS, (ii) CPS modeling and distribution of
control tasks to CPS formed as systems of systems realized through IoT, and (iii)
systems verification and security related issues. Our future work will be devoted to
implementation of the presented findings at the M.Sc. level education at Faculty of
Mechanical Engineering in Belgrade where new courses covering these topics have
been established. Furthermore, since Industry 4.0 and CPS represent a very active
R&Darea, new results will be constantly followed and introduced into corresponding
curricula.
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Chapter 76
Teaching Methodology for Designing
Smart Products

Tatjana Kandikjan , Ile Mircheski , and Elena Angeleska

Abstract This paper aims to explain the teaching methodology used for the course
“New Product Development” at the Faculty of Mechanical Engineering in Skopje,
Republic of North Macedonia, as a method that promotes project-based learning and
design exploration as the most effective learning tools for designers and engineers.
The main steps and the learning path strategy of the smart product development
process, as practiced with the Industrial Design students, are provided and several
project examples are elaborated in order to illustrate the advantage of the applied
teaching methodology. The paper also includes an explanation of the state-of-the-art
smart products from an aspect of their development for users’ acceptance, which is
what the methodology is based on. The goal of this paper is to provide an overview
of the external and internal learning sources used as a part of the methodology, as
well as the special topics thought to support the project development process, in
order to inspire other designers, professors and students to apply similar tools for
smart product development. Such tools help increase their, as well as target users’
understanding of the technological aspect of smart items, and in addition, grow the
general willingness to use such products, removing the skepticism and unfamiliarity
barriers.

Keywords Smart products · Industrial design · User-centered design · Design
exploration · Design teaching methodology

76.1 Introduction

Technological advancements are the basis for the development of new ingenious
products. The fast-emerging technologies are inevitably becoming a part of our
everyday lives aiming to make living easier and more comfortable. As a result, we
are surrounded by smart systems and connected products being a part of the “really
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new products (RNPs)” and the “Internet of Things (IoT)” era. RNPs are highly inno-
vative items that allow the users to experience new functionalities [1] and the IoT is
the integration of such inventions with information and communication technologies
and sensors [2]. IoT is not only machine-to-machine communication, but a way the
Internet connects individuals to computing devices [3]. This brings a new challenge
for designers who seek the best methods to design smart products and systems in
order to bring the technology closer to consumers and enable them to enjoy the bene-
fits it offers. The design process needs tomature and evolve from focusing on a single
device to thinking beyond that one product and designing for connected systems [4].

However, all these smart items are not always well accepted among the users
due to multiple reasons among which the leading one is using technology-centered
approaches for developing products, instead of using a human-centered approach [5].
In this sense, the slow adoption process can happen as a result of: experienced barriers
and difficulties to understand the new features [1]; issues with manual programming
of the smart connected systems (trigger-action programming; if this-then that) [6];
the invisibility, as a requested quality for interface design, which causes uncertain-
ties when using such seamless, immaterial, invisible technologies (codes, wireless
connections, microprocessors, the “cloud”) by end-users who are typically used to
experience products through their materiality [7] etc. In addition, all the mentioned
points can also cause a confusion for designers as well, not only users. The main
reason for this is the fact that the complexity of smart products requires the work of
a multidisciplinary team, not only one individual [8].

Therefore, the teaching methodology in design and development of new prod-
ucts should prepare the next generations of designers to cope with the revolutionary
changes in technology, rapid change of customer needs and the consequent creation
of new innovative products. The success of the new products will depend on how the
users reactwhen interactingwith smart and connected products, their preferences, the
flowof the technology adoption process and suitablemethods tomake smart products
more fun and useable. The solution to this problemmight be in promoting a teaching
process for new product development based on human-centric methods, multidis-
ciplinary strategies and project-based learning. This paper elaborates the practical
application of such a teaching methodology for new, smart product development.

Understanding the challenges connectedwith the design of smart items is the step-
ping stone to developing successfulRNPs. Therefore, Sect. 76.2 includes an overview
of the latest trends of implementing smart technologies in product design, from an
aspect of p2u communication (with the goal to promote human-centric design).
Following the dynamics of ever-changing technology and design trends is an essen-
tial part of the teaching process. The drawn conclusions are incorporated in the core
of the teaching methodology presented in Sect. 76.3, which is based on combining
theoretical knowledge and practical skills gained through experience from working
on projects. Students are trained to apply a wide range of changing and evolving
knowledge databases, as well as creative thinking strategies and collaborations with
students form other study programs.
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76.2 Smart Technologies and Their Implementation
in Product Design

This section includes an overview of the implementation of smart technologies in
design of everyday products focusing on the product-user communication of smart
products. Conclusions are drawn as recommendations for industrial design of new
smart products that are incorporated into the teaching methodology presented in this
paper.

76.2.1 Communication with Smart Technologies

There are [3, 9] four stages of users’ acceptance of technological devices: pre-
adoption, adoption, adaptation, and use/retention. In these stages, several processes
take place: expectation, trust building, behavior change, and minimal use, with an
optional stage of routinized use. In order to avoid minimization of use and routinized
use, the suggestion is to create products that constantly invite the exploration of
their options and can respond to changing conditions. Doing so, IoT devices expose
their usefulness, promote new behaviors and additionally increase the trust in the
technology. In order to increase the trust in the technology even more, trends for
explaining the dematerialization (which is desired for smart products) and finding
new ways for p2u communication have emerged. Researches aim to reveal and
mediate the invisible materials of technologies used in smart products in order to
help individuals learn and understand the high-tech functionality [7, 10]. Examples
try to capture the essence of using smart consumer technology as a material. This
can be done by designing smart products to be physically inviting and to actively
participate in communications with the user, as illustrated by the example shown on
Fig. 76.1.

Fig. 76.1 Conceptual design of an air humidifier with basic smart functionality, and with shape
inspired form a traditional glass water-pitcher (student project)
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Fig. 76.2 “Pigmentum”—Concept of a device that can scan color and pattern from objects, shaped
as a leech to express a simple association to its functionality (student project)

When exploring more methods for understanding the functionalities and inno-
vations, particularly of RNPs, researchers suggest that shaping the products using
metaphors can help to reduce the cognitive load of users and allow them to instantly
understand how the product works [1]. The product illustrated in Fig. 76.2 is an
example of a successfully applied metaphoric design—the smart pen that “sucks
colors and patterns from objects” resembles a leech, explaining how it works
through its’ shape. Metaphorically designed products stimulate interaction with the
technology through their physical form.

The mentioned examples illustrate means of human—smart product interaction.
Researchers go deeper into these forms of interaction and suggest defining the prod-
ucts’ form and functionalities based on the relationships they aim to establish with
the users [11]. This is one more trend for designing smart products for which the
relationship is the goal for designing an artifact.

76.2.2 Possibilities and Recommendations for Industrial
Design of Smart Products

The short literature review and given examples were done with the main goal to
emphasize beneficial suggestions for designing smart products and systems:

• Designers can expand their technical knowledge significantly by experimenting
with epistemic artifacts (research through design)—creating smart products with
a main purpose to learn about and put in use novel technologies,

• Finding a method to express the technological background of smart products in a
material way can help bring them closer to end-users,
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• Physical engagement and interaction with palpable computing items helps to
enhance the learning and cognitive development and through such interaction, a
circle of input and feedback is created which can influence users’ behavior.

In addition, it is important to emphasize three main points for the development
of smart products, as listed by Andreas G. Mysen [8]: user-centered design (under-
standing users and incorporating them in frequent prototype evaluations), product-
user interaction (simplifying the communication between item and user) and user
experience (people are emotion-driven creatures and therefore products need to be
designed to meet their emotional expectations [12]). All these points are used as an
input in the process of developing concepts for smart products which is a part of the
teaching methodology for smart product development explained in the next section
of this paper.

76.3 Teaching Methodology for Smart Product
Development

76.3.1 Goal and Learning Strategy

The main goal of the methodology used for the course “New Product Develop-
ment” (NPD) at the Faculty of Mechanical Engineering, industrial design studies, is
to promote project-based learning as the most effective learning tool for industrial
design engineers. The NPD course introduces students to: recognizing opportuni-
ties, ethnographic characteristics, usability and aesthetic aspects, development of
scenarios, conceptualization, prototyping and improvement, evaluation of product
value for the customers, product branding, product/market strategy and improvement
of the concepts.

In the past few years, the attention of the practical part of the course was
shifted towards training the students to explore and conceptualize smart products. In
Fig. 76.3, the learning path strategy of the NPD course is given. The key points of
learning NPD are continuous acquisition of knowledge during the process, as well as
post-project learning. This is especially important in the development of smart prod-
ucts, which are highly innovative, and whose development is based on the integration
of several disciplines. The project-based learning includes using epistemic artifacts,
expressing technology in a material way, designing smart products that encourage
physical engagement, and generating loops of product-designer and product-user
interactions. These points are an essential part of human-centric design of smart
items, as described.

Students are guided to use a variety of learning resources. In addition to the
teaching materials for the NPD course, selected case-studies of smart products
are analyzed, and student projects from previous generations are also selected for
reviewing. Students and teacher also use various external learning resources. For
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Fig. 76.3 Learning path strategy of the NPD course

example, students are introduced to various ubiquitous technologies using TUDelft’s
learning platform: WikID, the Industrial Design Engineering Wiki. Similarly, for
following current design trends, students are connected through Internet to the latest
events, products, papers, summaries and open-source platforms (for example, AWOL
Trends).

The need for an industrial designer to participate in an NPD team can vary
considerably, depending on the type of the product developed. Therefore, we limit
the spectra of student projects to smart products in which: the form is as relevant
for customer satisfaction as the implemented technologies; used technologies are
widespread and do not require a special environment. The proposed project should
be simple enough for the student to be able to develop a virtual prototype concept
over a period of 15 weeks.

Special challenge for the industrial design students is to design products that
should be perceived as both acting smart and looking smart, through expressing
visual identity aspects that can distinguish smart products from other products on the
market. The students are encouraged to work on projects they are passionate about,
and to use an interdisciplinary approach for collaborating with other undergraduate
students from different studies: mechanical engineering, information science and
computer engineering.

The design process for smart products is considered as a specialization of the NPD
process. The special topics thought to support the project development process for
smart products, as practiced with the students in industrial design, include: under-
standing the purpose of ubiquitous technologies; establishing consultation/teamwork
with students from other specialties; design for communication and interaction;
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components/modules needed to implement the technology; creating graphic design
of web-based applications for product control; and finalizing the visual/textual
communication to explain the functionality of the product to the customer.

Post-project learning is necessary to gather and organize the acquired knowledge,
which is further used for the next generations of students. Groups of information that
are accumulated annually for updating internal learning resources are analyses of
innovative smart products; new technologies introduced in consumer products; and
completed student projects, presented at the industrial design studies website.

76.3.2 Examples—Student Projects

Students follow the main steps of the methodology in order to complete a different
design project chosen by them. For some of those projects, prototypes are created
as “epistemic artifacts” which serve the purpose to learn about the implementation
of technology and as models for further testing and evaluation. The other part of
the projects are concept projects, only presented by posters. For all the projects,
students turn in a final report that includes: description of the identified need for the
product; analysis of SET factors (Social, EconomyandTechnology); analysis of other
similar products on the market; description of the characteristics of the target group;
description of the full idea for the product (inspiration, technology, style, sketches,
keywords, descriptions of the environment it should be used in, its’ p2u and p2p
relationships); the emotions to be triggered when using the product; the materials
its composed of; its’ practical, sign and symbolic functions; a detailed scenario for
packing, transporting, selling, using, storing, maintaining, and other aspects involved
in the life cycle of the product; and finally, 3D models of the developed product and
technical drawings.

The following section includes several examples of student projects—the first one
being a real physical prototype, and the others, concepts illustrated by posters.

The first example is a smart, kinetic installation, which was placed in the hallway
of the Faculty of Mechanical Engineering—Skopje (Fig. 76.4). This project was
realized by a team of five students from industrial design, computers and informa-
tion technology, and mechanical engineering. The kinetic installation uses rotating
components made of recycled material (cardboard rolls) cut in the same size and
differently colored on both sides. As a person approaches the installation, the cylin-
drical components rotate according to his/her movement and reveal their black side
creating a reflection of the viewers’ silhouette. To make the movement possible, a
“Kinect” camera was installed with a proximity sensor and a three-camera system
alongwith a processor. Softwarewas developed, integrated and tested. The “Arduino”
platformwas used as an open-source, electronics-prototyping platform and the signal
and electrical installations that connect the control units and the motors was planned.
The structure of the whole installation, on which the rotating elements are placed,
was created from plywood.
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Fig. 76.4 Smart mirror. Function: Advertisement, amusement, education. Technology: Kinect
camera, processor, software, Arduino prototyping shields, servomotors, multiplexers. Components:
Back panel, motor holders, cardboard rolls and decorative paper (c). Cylinders rotate half-turn as
they detect a student approaching, simulating her shadow (a). Cylinders rotate following the dancing
movements of a student (b)

Fig. 76.5 Smart pet-feeder.
Function: Food dispenser,
pet-monitoring,
sound-playing and
ball-throwing. Technology:
Wi-Fi, app-controlled, HD
camera. Components: Case,
rotating “head”, food-storing
container, feeding-bowl, HD
camera, voice-recorder,
RFID system
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Fig. 76.6 Stress-relief
nebulizer. Function:
Nebulizer offering breathing
exercises, emotional data
recording. Technology:
Bluetooth connected,
app-controlled. Components:
Case, display, compressor,
electronics, microcontroller
and sensors, light, battery,
USB cable

Fig. 76.7 Smart toaster.
Function: Toaster producing
icons on the slices of bread.
Technology: Wi-Fi,
app-controlled for choosing
icons, temperature and time
of toasting. Components:
Case, removable lid for
crumbs, button, lights,
springs, heating plates
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Fig. 76.8 Smart night light.
Function: Night light with 3
functions—light, music and
baby/child monitoring.
Technology: Wi-Fi and
Bluetooth, app-controlled,
touch-activated, monitoring
system. Components:
Microphone, speaker, LED
lights, electronics, battery

Figures 76.1, 76.2, 76.5, 76.6, 76.7 and 76.8 include few more successful concept
products developed by individual students. Details of the projects are given in the
figure descriptions.

76.4 Conclusion

This paper aims to serve as a helping tool for students, as well as professors, who are
learning about the development and application of smart products and systems. The
main section of this paper contains an overview of the teachingmethodology used for
the course “New Product Development” for Industrial Design Studies, at the Faculty
of Mechanical Engineering, UKIM, Skopje, which is based on design exploration
and practice-based learning. All the steps and procedures followed when working
on projects are given. The explanation of the methodology is enriched by analyzing
several examples of student projects. Hopefully, this paper meets the main purpose
of inspiring students and teachers to use some of the segments of the methodology
to improve the process of developing smart products. The goal is to practice user-
centered approaches and use engagement and interaction as extremely useful ways
for bringing the application of novel technologies closer to designers and users.
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