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Preface

The book Current Methods of Construction Design has been created on the basis of
contributions of the 59th International Conference of Machine Design Departments
(ICMD 2018). It is the 6th conference in history organized by the University of
Žilina, Faculty of Mechanical Engineering, Departments of Design and Machine
Elements.

This book is a follow-up to earlier successful books: Modern Methods of
Construction Design, 2014, and The Latest Methods of Construction Design, 2016.

This conference is mainly focused on Machine Design and Optimization,
Engineering Analyses, Tribology and Nanotechnology, Additive Technologies,
Hydraulics and Fluid Mechanisms, Modern Material and Technology,
Biomechanics, Biomimicry and Innovation. The main objective of the conference is
to present new results of research and development, to improve the quality of
teaching at the universities, as well as to transfer new innovative solutions into
practice, in the mentioned topics of the conference. The conference provides space
for engineers, Ph.D. students and university educators to discuss their work results
and find new inspiration.

The conference was organized under the auspices of Dean of the Faculty of
Mechanical Engineering of the University of Žilina, Prof. Dr. Ing. Milan Sága. The
Demänovská value, in Slovak Republic, was chosen as a venue for the 59th
conference.

Conference History

1960 Brno University of Technology, Brno (CZ)
1962 University of West Bohemia, Pilsen (CZ)
1963 Slovak University of Technology in Bratislava, Bratislava (SK)
1964 Technical University of Liberec, Liberec (CZ)
1965 Technical University of Košice, Košice (SK)
1966 Czech Technical University in Prague, Prague (CZ)
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Design Optimization of the Octavia
SK37x Driver’s Seat—DFMA Principle
Application

Pavel Bartonicek and Ivan Mašín

Abstract The article describes the optimization of the driver’s seat adjustment
mechanism. Technical, functional and customer requirements for the seat were laid.
The original seat was analyzed using: DFA analysis, complexity calculation, theoret-
ical efficiency calculation, process flow diagram. An analysis of existing production
technology and a rated optimization potential has been done. TRIZ analysis was per-
formed. We looked for system elements that could be substituted by a supersystem
and then replaced. The goal was to simplify the mechanism, to reduce the number
of elements while preserving the function. Low-pressure casting and sheet form-
ing technologies and welding were compared. Four optimization options have been
developed using the FEM. The load data measured by the real crash test and provided
by the manufacturer were used as input data. Innovated parts had to meet these load
criteria. It is a condition of the innovated driver’s seat mechanism to show the same
or better resistance to the existing mechanism in the case of a passenger car accident.
Customer safety has to be preserved or improved. An economic assessment has been
made. Based on this, the best optimization option was selected and presented. The
economic return, the complexity of production, the most suitable technology, the
potential for further optimization were taken into account.

Keywords DFMA · FEM · DFA analysis · TRIZ · Process flow diagram ·
Complexity · Economic evaluation · Driver’s seat · Optimization · Customer
ratings

1 Introduction

The passenger car seat has undergone permanent changes since the early nineteenth
century when the first car was invented. As time passes, it adds additional features to
meet the needs of increasingly demanding customers and ever-tougher legislation.
The primary feature of the seat was to provide users with driving support and now
performs many functions, namely the passenger cools in the summer season, heats
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up in the winter, protects against lateral impact, allows ergonomic seating and, last
but not least, has the ability to dampen vibrations. The contemporary seat is made up
of a supporting frame with a foamed polyurethane foam and a wire reinforcement.
Comfort increases height adjustment, lumbar support and headrest. The parts of
the seat are fastened to each other by welds or clips, forming a body of different
weights and interacting with each other. From the point of view of the designer,
the seat is a challenge because in the product life management process periodic
innovations to maintain competitiveness compared to changes in market orientation
and ever-increasing technical demands are being introduced as legislation in place
for destination sales. The current trend in the automotive industry is the shift from
robustness to relieving, which is the reason behind efforts to save weight and thus
reduce emissions and CO2 content, in an effort to maintain both the functionality and
benefit of the design. The parts are thinner, thematerials change, “unnecessary” value
that the customer does not appreciate. As a sign of this trend, we have optimized the
selected part of the SK37x Octavia car seat, namely the feed mechanism, because
it has a defined number of parts and has the potential to innovate when applying
DFMA principles.

2 Description of the Original Longitudinal Displacement
of the Driver’s Seat Octavia Car

The seat (see Fig. 1) consists of a seat and a backrest. The pipe construction is cou-
pled to the tipper by means of a tilting mechanism for tilting the backrest. The seat
is attached to the passenger car floor by a height adjustment mechanism. The lower-
most part is the longitudinal displacement of the seat, which provides a longitudinal

Fig. 1 A driver seat frame without PUR foam, detail of the undercarriage mechanism
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Fig. 2 A partial shift mechanism, detail of locking pins

displacement. The seat is attached to the body by a screw connection (4 pcs). The seat
and backrest further consist of PUR foam laid on a support consisting of a perforated
steel support. This extends the driver’s weight to the entire area and creates comfort
for the driver’s seat. Tubular structure and perforated steel sheets are fixed to the seat
frame by a welded joint.

The base of the passenger car seat (see Fig. 2) is made of metal profiles. The
lower profile fulfills two functions: it fixes the driver’s seat to the car body and at
the same time provides a longitudinal displacement (sliding element + ball rolling).
A complete saddle of the driver’s seat and the seat belt attachment are attached to
the top profile of the undercarriage mechanism. The undercarriage mechanism is
controlled by a lever with an ergonomic handle. When moving upwards, the locking
pins are unlocked and the top bar can move. Locking is active when the control lever
is released, the locking is possible in small steps, depending on the position of the
locking pins and the opposing holes in the lower bar. The control torque from the
lever with the connecting rod is transmitted to the other half of the mechanism. This
second half of the seat travel mechanism is the same, mirror-inverted.

Functional analysis [1] was carried out with the help of data provided by the
car manufacturer Škoda Auto a.s. The individual parts were marked and numbered.
Basic parts and parts that are not primary, i.e., subparts, have been identified and can
be modified, replaced and reduced. These are fasteners, connectors, wires, washers.
Liquids such as lubricants, adhesives, sealants and the like have not been included
in the disintegration. The number of part interactions has been identified with each
other. The goal is to increase complexity (see A TRIZ analysis [2]) has been carried
out which has shown the simplification potential and seat parts that can be replaced
by replacing parts in the over-assembly with the function of parts in the subassembly.
However, the function of the longitudinal sliding mechanism of the seat has been
retained.

CF = √
TNP × TNI = √

26 × 69 = 42.3 (1)
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TheDFAcalculation of complexity factor (1), whereCF is complexity factor, TNP
is total number of parts and TNI is total number of mutual interactions, introduces
a parameter that has been used to evaluate another new, upgraded variant of the
undercarriage.

TE = TMNP

TNP
∗ 100 = 3

26
∗ 100 = 12% (2)

Theoretical efficiency of the original variant (2) is calculated by using the above-
mentioned formula, where TE is theoretical efficiency, TMNP is the theoretical min-
imum number of parts and TNP is the total number of parts introduced by the second
evaluation parameter.

Figure 3 shows that there are three essential parts in the assembly, without the
assembly being amust and serving as a platform. The rest of the parts are theoretically
replaceable, or their function can take a larger whole. There are 25 parts in total. By
computing from Eqs. (1) and (2), we concluded that the theoretical calculation of
efficiency based on the number of parts is 12%. This efficiency should be higher
than 60% according to the recommendation [3, 4]. Here, in our case, we are limiting
restrictions, i.e., we must not reduce passive safety and we must maintain the overall
cross section of the locking pins that are calculated to absorb the impact in the event
of a passenger car accident. These are values calculated from themathematical model
of the seat and verified with real vehicle crash tests.

Fig. 3 A falling parts of the seat travel mechanism
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3 Innovation of the Longitudinal Displacement
of the Driver’s Seat

3.1 Increasing the Complexity of the Seat Mechanism

The first step of optimization was to increase the complexity of the seat mounts and
the safety belt holder, by reducing the number of parts No. 6 and No. 5 (safety belt
holder). The parts were incorporated together, the number of parts was reduced, the
assembly operations were simplified, the production flow accelerated, the material
economywas simplified. The seat was simplified and the complexity index increased.

3.2 Innovation of the Overall Aretation Mechanism

The locking mechanism (see Fig. 4) has been structurally simplified. The locking
pins (No. 4) have been replaced by a locking profile that takes over the function.
Three arresting springs (No. 4) were reduced and the control function took over the
single, central spring of the “ridge” part (No. 9).

The part (No. 9) was created by bending and shearing technology from steel sheet
metal. By optimizing, the material was saved and the production was abducted. The
locking pins (see Fig. 6) proved unnecessarily complicated. The mounting support

Fig. 4 A cut through the innovative lock mechanism, detail of the control of the comb part (No. 9)

Fig. 5 Original part of the ridge (No. 9) and the new innovated part
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Fig. 6 Original parts and the new innovated one

consisted of manipulating the pins, applying the springs and pressing into the under-
carriage profile of the seat. The springs filled the holding function and facilitated
control. Overall, the surgery was assessed as difficult and lengthy. In the first step,
the number of locking pins was reduced. In the second step, the number of springs
was reduced. By using the TRIZ method, three central springs functioned as one
central spring, which had to be reinforced (No. 14) (Fig. 5).

Ifwe consider that thematerial of the optimized pinwill be identical to thematerial
of the locking pins, then we can proceed with the consideration that the cross section
of the new part must be the same as the cross section of the original pins. The pin has
a diameter d = 8 mm, i.e., cut with a 50 mm2 area. For three pins, the cross section is
150 mm2. The new stud designed by us has a rectangular shape of 30 × 6 mm, i.e., a
cut with a surface area of 175 mm2. The conditions (3) of safety must be respected.

Soriginal (mm2) ≤ Sinnovated (mm2) (3)

Simplify the construction of the lock lever. The original locking lever (see Fig. 7)

Fig. 7 Original lever lock control lever, the new innovative lever
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is formed by pressing a sheet of 2.5 mm and then bent so as to get past the drive
tracks. The shaft (No. 3) is secured by welding. In the final operation, the handle is
attached to it (No. 8). The original lever is a complicated production and the bending
is a result of the shape of the handle the designer tried to get optically into the center
of the seat, away from the undercarriage profile. The original lever is a molding with
a bending operation in several planes, with the operation of the cuts and the need
to fix the finishing of the assembly and subsequent welding to the workpiece. Our
innovative solution is based on the finding that the arresting lever is only stressed in
one direction, not dynamicwith a high overload, no greater thanFmax =57N (Octavia
SK37x Lock Release Act). A new design is a simpler, reinforced construction at the
point of transferring the cleansing force, on the contrary weakened in places that are
not stressed.

Punching operations have beenminimized. Poka Yoke solution, a notch to prevent
misalignment of the part insertion (No. 3), while fixing the part for the next operation,
joining the workpiece by welding, thus preventing clamping and welding costs.
Surface parts Ra = 1.6 because it is a visible part, surface treated by painting with
car surface finish, the preferred appearance here. The cost of molding is therefore
lower than the original solution and the number of cuts has been reduced, in particular,
the multi-plane bending has been removed so that the locking lever handle extends
along the longitudinal Y-axis from the right side of the drive mechanism. The new
design has eliminated this handicap, and the design has been simplified. Installation
is simpler, orientation of insertion in one direction. Reliability and lifetime presumed
throughout the life of the car are not stressed by dynamic forces or other significant
flying forces. Disassembly is not due to weld joints. The overall balance of savings
is high, the potential for further increasing the degree of optimization.

We used the MKPmethod to compare the two parts, the original lever (No. 7) and
the newly modeled levers. The material is structural steel, weldable, unalloyed steel
of class 11. These are designed for less stressed parts, construction, tensile strength
Rm is 470–630 MPa, yield strength Re about 355 MPa. As a stress, we consider
double the force used to unlock the seat, i.e., Fmax = 50 N (source of Škoda Auto
a.s.). Higher stress has no justifiable reason, the normally loaded 75-kg driver seat
is unlocked with the force of F ≈ 40 N. Using finite element method (FEM) (see
Fig. 8), we evaluated both parts according to the HMH hypothesis and maximum
deformation.

The stress of both models (original, new) is therefore assumed by the force F1

= 100 N, which on the longer arm causes the moment Mk1 = 23.6 Nm and shorter
arm, after the pin Mk2 = 6.9 Nm, This applies to the original lever. The new lever
(see Fig. 9) is shorter, the U-shape is replaced by L-shape due to material savings
and production time. Here, the force F1 = 100 N causes torque loadMk1 = 25.9 Nm
and Mk2 = 6.4 Nm.

The TRIZ methodology has shown that the next transition to a higher level (the-
ory of “S” innovation curves) is the abandonment of mechanical control and the
replacement of the lock, for example, by the principle of electromagnetism (see
Fig. 10).
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Fig. 8 Original lever, HMH hypothesis and max. deformation

4 Conclusion

We have carried out a study of the optimization of parts of the undercarriage mecha-
nism of the passenger car seat. We conducted the application in line with the DFMA
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Fig. 9 New innovated lever, HMH hypothesis and max. deformation

Fig. 10 Electromagnetic principle of arresting solution
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methodology, which showed the potential for optimization. At places with the poten-
tial for innovation and technological change, we made structural modifications and
the design model was theoretically verified using FEM.We have achieved significant
financial savings both direct and indirect, saving assembly operations and simplify-
ing production. We have introduced a Poka Yoke solution that minimizes assembly
errors and more easily defines workflows. From our point of view, the whole study
has been beneficial—not only theoretical—because it has shown that the purposeful
and methodical application of the DFMA rules has made it possible to optimize the
seat of the Octavia passenger car. The study has shown that it is possible to perform
further seat optimization within product life management.
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Description of the Methodology
of the Automated Optimization Process

Michal Belorit, Slavomír Hrček and Marek Bisták

Abstract The article deals with optimization methods, their basic properties and
the division. Particular emphasis is placed on numerical methods that are suitable
to optimize the problem with a large number of design variables and are relatively
robust. Themethodology bywhich a construction can be optimized by the automated
process is also described. The process consists of linking commercial programs,
namely Creo Parametric, ANSYS Workbench and MATLAB. The program Creo
secures cad data; ANSYS Workbench serves to calculate FEM simulations; and
MATLABmanages an optimization process based on inputs and outputs and creates
the interface between programs and provides the flowof information. Also, the article
describes how to create the link between these programs. Thanks to this connection, it
is possible to automate the optimization process by creating a program in MATLAB
environment and also to select and implement a suitable optimization algorithm
according to the optimization task.

Keywords Automated optimization · Optimization methods · FEM analysis

1 Introduction

The technical problems of the present are becoming very complex and demanding to
find suitable solutions, especially due to limitations and requirements resulting from
ecology, production efficiency, energy sources, etc. The solution often becomesmore
difficult also because of frequent conflicts of requirements, such as increasing the
energy efficiency and reliability of technical devices while simultaneously reducing
weight [1]. Along with it, an optimal solution is necessary to be obtained in the
shortest possible time. Therefore, it is important to make adequate use of all available
computing capabilities.

An important part of every field of development and innovation is the optimization
process. It is a step toward achieving aworkable solution that is the best of all possible
solutions for the goal.
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From a mathematical point of view, optimization can be considered as the disci-
pline in which the extreme, a minimum or a maximum, of the given function F(x) is
searched in the given set M . This function can be called an optimization or purpose
function. And the set M means the area for which the correct solution can be found
[2].

Optimization is a concept that is beginning to emerge very frequently, especially
in the last two centuries, but the roots of finding the optimal solution go into the
deep past. And virtually every area of human activity and decision-making includes
optimization problems and tasks. An optimization task can be compiled from these
problems and consequently obtain a sufficient solution using suitable optimization
methods and algorithms [3].

Many of the optimization methods were mathematically described by personal-
ities such as Isaac Newton, Leonard Euler, or Joseph Luis Lagrange. However, the
emergence of relatively complex but effective optimization methods and their jus-
tifiable use was made possible by the introduction of computing technique. It has
brought powerful tools into every field of technical development. Modern engineer-
ing has also adapted a rational design approach, called structural optimization, which
is based on the application ofmodern computing equipment and appropriate software
[4].

2 Methods and Materials

2.1 Basic Types of Optimization Tasks

According to Rosinova [5], optimization tasks are possible to divide from different
perspectives into the following basic types.

According to the character of the system model:

• Static optimization tasks—the model deals with steady states, no time dependen-
cies.

• Dynamic optimization tasks—themodel includes time dependencies, the dynamic
system is optimized, and the role of this type is also referred to as the role of the
optimal management.

Depending on the type of variable and purpose function:

• Continuous tasks—in general, taskswhose variables are from an infinite set and the
purpose function is continuous. They are mostly less demanding for calculation,
due to the course of the respective functions and boundaries at a particular point
where the behavior of nearby functions can be assumed.

• Discrete tasks—the variables get values from the final set, and the task solution
can be complicated by the behavior of the purpose function and the boundarywhen
passing from one point of the set of permissible solutions to the other point.
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According to the character of the set of permissible solutions:

• Tasks without boundaries.
• Tasks with boundaries—the set of permissible solutions are defined by the given
boundaries and the variables must meet them.

Depending on the character of the solution (extremum):

• Global optimization—searches for global optimum or global extremum.
• Local optimization—the local extreme of the purpose function is searched.

2.2 Classification of Optimization Methods

Depending on the type of an optimization task, a suitable method is chosen for its
solution. In some cases, the optimization task can be solved by analytical methods.
Those can achieve the exact solution. However, the complexity of a task does not
allow such methods to be used to obtain a solution. Therefore, numerical methods
are used in practical optimization tasks.

In the literature, optimization methods are classified differently, especially
depending on the focus of the particular work. And oftentimes, it is possible to find
that one method is in two different works included in uneven classification groups.
But the basic classification is:

Analytical methods. They are suitable for tasks defined in the analytical form because
searching for extremes by these methods is based on the derivation calculation. They
deal with one-dimensional or multidimensional tasks with or without boundaries.
Numerical methods. The iterative methods in which the optimal value of the respec-
tive purpose function F searches around the starting point by successively moving
in individual iterative steps to points with a more advantageous value of function
F(x) until the determined tolerance of the solution is reached. The tolerance means
the value defining the criterion for termination of the optimization algorithm.
Deterministic methods. These methods are characterized in particular by the fact
that the search procedure or the method of selecting the direction and the length of
the step is not random. On the contrary, there are mathematically defined precise
procedures for the given method on how to approach these two parameters. Gauss-
Seidel, Hooke-Jeeves method, the method of Nelder and Mead, and Newton method
are the most known deterministic methods.
Stochastic methods. These are non-deterministic methods that are characterized by
the unrepeatability of the extremal searching process due to the application of the
randomly generated vector in the iteration cycle. So they are able to solve multidi-
mensional optimization tasks and search the global optimum, but sometimes because
of a large number of analyzes, reanalysis, the length of the solution reaches unreal-
istic time. They can be labeled as universal methods applicable to any optimization
tasks with or without boundaries. In many stochastic methods, inspiration is given
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to living or non-living nature [6]. For example, the following methods belong to the
stochastic optimization category and do not require whole optimization function just
its values:

• Monte Carlo method—is method that only requires information about the func-
tional values of the target function and on restrictive conditions for the search
for optima. It is possible to get global optimum with this method, and it is rela-
tively easy to program its algorithm. It is characterized by the fact that each self-
performed optimization process with the same starting point can be represented
by a sequence of other points, and even in some special cases, it can proceed to a
different optimum [4].

• Blind algorithm is a basic stochastic algorithm that repeatedly generates a random
solution from a given domain and remembers it only if it was better than the
solution already recorded in the previous history of the algorithm. In general, we
can say that the blind algorithm does not contain any strategy of solution design
based on the previous algorithm history. Each solution is built independently of
previous solutions. It records a solution that provides the lowest functional value
for the time the procedure is activated. When the procedure is terminated, this
solution is an output parameter.

• Hill climbing algorithm the blind algorithm can be simply generalized to the hill
climbing algorithm where the best local solution is iteratively searched for in a
certain area, and this solution is used as the center of the new area in the next
step. The basic idea is that, given a particular solution, we build a random number
of new solutions so that variables are randomly changed in the chosen solution
(the chosen solution is the center of the randomly generated solution). From this
area, the best solution is chosen and will be used in the next iteration step as the
center of the new area. This process is repeated as many times as is prescribed at
the beginning and the best solution that occurred during the algorithm history is
recorded.

• Tabu search—eliminates the main drawback of the climbing algorithm. After a
certain number of iterative steps, the climbing algorithm often returns to the local
optimal solution that has already occurred in its previous course. The “short-term
memory” is introduced into the climbing algorithm that remembers for a short
interval of the previous history of the algorithm solutions that provide local optimal
solutions. Hence, the algorithm is able to avoid stuck in local extremum. This
modified climbing algorithm systematically scans the entire area of the solution
in which we look for a global optimum of a function.

• Simulated annealing—a global optimization technique that goes through the
search area by testing random mutations on a single solution. A mutation that
enhances fitness is always accepted. Mutations that reduce fitness are probabilis-
tically accepted on the basis of the fitness value difference and the descending
stage parameter. In jargon, simulated annealing is the search for the lowest energy
instead of maximum fitness. This technique can also be used in standard genetic
algorithms by simply startingwith a relatively high degree ofmutation that reduces
excess time beyond the intended range.
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• Genetic algorithm—this is a search method used in computer science to find
approximate solutions for optimization and search issues. Genetic algorithms are
a special set of evolutionary algorithms that use evolutionary biology-inspired
processes such as inheritance, mutation, natural selection, and recombination.
They are mostly implemented as a computer simulation in which a population of
abstract images, called chromosomes, of candidate solutions, called individuals,
of the optimization problem, lead to better solutions. The solution is traditionally
represented as binary strings, but a different coding method is also possible. The
evolution starts with a population of completely random individuals (generation).
In each generation, the fitness of the entire population is evaluated, multiple indi-
viduals are randomly selected from the current population (based on their fitness)
and modified (mutated or crossed) to create a new population that becomes the
starting point of the next iterative step of the algorithm. In genetic algorithms, an
individual or partial solution to the problem, called a chromosome (also called a
genotype), is represented by a set of parameters that define the proposed solution
to the problem the genetic algorithm is trying to solve. Chromosomes are com-
monly defined as simple data and instruction strings, but a large number of other
data structures can also be used to store chromosomes [7].

3 Results

The methodology requires to determine conditions and requirements of optimization
problem that will define an optimization task. An overview and basic characteriza-
tion of various optimization techniques, especially those that are suitable for design
use and potentially can be applied to solve the optimization task, is essential. The
optimization process is schematically depicted in Fig. 1 and consists of next three
stages:

1. The basic part, which is a 3D virtual geometric model, can be processed in any
commercial CAD system that has support for Workbench Associative Interface
in ANSYS Workbench. Creo Parametric, Inventor, NX, and SolidWorks are all
suitable. The CAD model is necessary to appropriately modify to avoid interfer-
ence between the individual parts or the geometry itself that can be caused by
altering the parameters and thus to fail the model. Model Simplification is nec-
essary to do before FEM software calculation. This will accelerate calculation
process but calculating reliability will be maintained and that is essential.

2. An interactive link between the CAD system and the FEM software is created.
This means that the FEM software is able to change the values of the geom-
etry parameters and adapt the geometry to allow for different combinations of
design variables to be investigated in the optimization task. All boundary condi-
tions, contacts, the appropriate model network, and other necessary features to
obtain individual solutions are defined. As FEM program, ANSYSWorkbench is
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Fig. 1 Schematic of optimization process

chosen, because of its mentioned linkage with CAD systems and scripting possi-
bilities. It uses Python as scripting language. And, the commands can be sent to
the Workbench, thanks to MATLAB toolbox called ANSYS aaS, via MATLAB
environment. Because of that, it is possible to programmatically control design
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points and reach the outputs of the FEM analysis. FEM software is actually the
purpose function of the optimization task.

3. The optimization task is not defined analytically.Hence, it is necessary to choose a
suitable optimizationmethod that uses only the functional values of the individual
design points. The optimization itself is implemented in theMATLABcomputing
environment of MathWorks. This program has its own optimization package.
However, if none of offered built-in optimizationmethods conform requirements,
optimization algorithm still can be programmed manually.

The important part is the interface, created in MATLAB too, that serves as a
control unit. It is in charge of optimization process execution with estimated design
variable values. When FEM solver is done, information and solution are passed via
the interface to the optimization algorithm. The algorithm evaluates the solution. If
the conditions for termination of the optimization process are met, an output with
information about optimal design variables is created and the process is terminated.
If not, the optimization algorithm determines new design variables and the interface
sends them back to FEM software and runs the solver again with new values. This
repeats until the global optimum is not found or a number of iterations reach its
limitation or another criterion is met.

4 Discussion

There is a lot of software for static structural analysis. Even many CAD software
already have built-in modules for this type of analysis and are often associated with
optimizing the design. However, they are commonly limited and do not offer the user
the required options. Hence, in such a situation, it is appropriate to choose a combi-
nation of suitable software available to take advantage of them. But it is important
to ensure that these programs can be linked together. The above-mentioned ANSYS
Workbench is guaranteed to provide interactive geometry reading connections with
themost commercially knownCADsystems.AndMATLABsoftware, because of the
toolbox, makes it possible to control the ANSYS Workbench from the environment
of MATLAB itself. And it is also a powerful data processing and visualization tool,
as well as programming and controlling the entire optimization algorithm. Therefore,
by creating a robust program, it is possible to automate such an optimization process
and customize it.

5 Conclusion

The paper in the introduction describes the need to use optimization techniques to
mechanical design. In the following section, it deals with the description of basic
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types of optimization tasks and the basic division of optimization methods. Subse-
quently, the selected numerical methods are described. And later, themethodology of
an automated optimization design process, based on the linkage of commercial soft-
ware, is described. Where Creo Parametric provides CAD data, ANSYSWorkbench
serves to calculate FEM analyzes and MATLAB serves as an interface and simulta-
neously managing optimization. Thanks to this connection, it is possible to automate
the optimization process by creating a program inMATLAB environment and also to
select and implement an optimization algorithm according to the optimization task.
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Innovation of the Cutting Tools
of the Modular Production Line
for the Production of Sophisticated
Adhesive Wound Covers

Martin Dolanský

Abstract This article deals with the innovation and construction design of the cut-
tingmodule, which is part of amodular production line for the production of sophisti-
cated adhesive wound covers with respect to the Cleanroom ISOClass 8 standard and
chlorine resistance. The start of the project is based on innovative methods. First,
patent survey and market research were conducted. In addition, the identification
and analysis of innovation opportunities were carried out, and finally, the innovation
statement was formulated. TheQFDmethod and themorphological matrix were cho-
sen to generate the concepts. Subsequently, one of the concepts was selected using
multi-criteria decision-making provided by the AHP tool. The chosen variant was
further designed and processed, including strength calculations of important parts.
Deformation stress tests were performed in finite element software. Integral part of
this work is the technical documentation of the individual components from which
the product can be realized.

Keywords Cutting module innovation · Adhesive cover · Concept · Cutting tool

1 Introduction

At present, the demands and requirements in the various technical sectors are increas-
ing and their development is still accelerating. For example, in the healthcare industry
today, from the original uniform shapes of the adhesive cover plates, which must be
further cut or otherwise adjusted to the desired size by their user, they proceed to the
production of various slip-sticks. These measures, however, include requirements
for adaptation—the upgrading of existing production lines, especially their drawing
tools.

Today,wide ranges of patches are used in healthcare. A patch is a dressingmaterial
that serves to cover the wound, fix another dressing material or injure yourself. It
is equipped with a pillow that can carry drugs or disinfectants. Plaster material is
subject to high demands. The patch must be adherent, but it should not damage the
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skin during scanning. It should not be caused by allergies, it should be breathable,
durable, supple, acceptable aesthetic and last but not least affordable. The patch
may be in a nonsterile or sterile container, which overlaps, in particular, the portion
intended for direct contact with the wound. Adhesive surfaces are coveredwith easily
removable covers to protect the sticky surface from drying and dirt. The adhesive
layer is based on an acrylic base. Some adhesives may contain latex, which is not
very suitable due to the frequent occurrence of allergic reactions in patients. The
substrate material for the adhesive depends on the purpose of the patch; for example,
plastic substrate (PVC, PE, PU, etc.) is resistant to damp environments. They are also
highly absorbent, breathable and elastic (nonwoven, woven, stretched) coatings. Soft
patches of soft, nonwoven textiles are used for sensitive skin. As a rule, the cushion
is made mainly of treated cotton and other natural or artificial fibers so that it sticks
but does not sneak into the wound [1].

1.1 Purpose of Work

The aim of this work is to innovate the cutting tools of the modular production line
for the production of sophisticated adhesive wound covers. Designed concepts and
their design solutions are based on specified parameters. The entire production line
must meet the Cleanroom ISO Class 8 standard [2]. This standard, which is in the
production of not only pharmaceutical products, indicates the level of contamination
of the production environment by various pollutants such as dust, microbes, aerosol
particles andother chemicals. The level of contamination is determinedby thenumber
of particles per 1 m3 and according to ISO 14644-1 and ISO 14698 is divided into
9 levels. Different chlorine disinfectants and cleaners are required to meet these
requirements. Therefore, individual parts and components must be made of durable
construction materials in relation to these materials.

With the requirement to make a modular production line for the production of
sophisticated rubber wound dressings, EMTEX, s.r.o. turned to the Technical Uni-
versity of Liberec based in Dvůr Králové. This company is engaged in the production
and trade of piece and meter textiles, bedding and adhesive wound covers. Current
hat production in the named company is divided into three steps and is implemented
through three production lines. First, on the first device, the adhesive is applied to
the backing material. The next step is to attach the pad and overlay to the adhesive
backing. The last step is to simply cut the patches into square or rectangular shapes.

The main reason for the innovation of cutting tools is the ability to produce
sophisticated shapes of patches with a view to easily changing the sheared shape.
Tools must be designed to be able to cut all individual parts of the patch that are made
of plastic, textile and paper materials. Another requirement for the cutting module
is the possibility of dividing the patch materials perforated or completely along the
edges of the cut. The design of the module must be designed so that it is possible to
place the device “flush” on the base plate of the production line. The split strip of
the blank must be at a distance of 45 mm from this base plate.
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The design of the product proceeded according to selected methods from inno-
vative engineering [3]. First, it is necessary to plan the innovation of shearing tools,
which consists of the following steps:

• Identification of innovation opportunities and their evaluation
• Develop a timetable
• Innovation statement.

This informationwill be further used to design 3 concepts. Equally important indi-
cator when designing a concept is the QFD (quality function deployment) method,
which ensures that customer voice is already included in the design and product
planning phase. Another important tool for creative product concept generation is
the morphological matrix, which features partial functions and assigns individual
solution options. Consequently, the proposed concepts are evaluated using the Ana-
lytical Hierarchy Process (AHP) method, which selects the most appropriate concept
variant. After selecting the most suitable variant, it will be elaborated in detail, which
will be further used for its realization. Construction will also include strength calcu-
lations of key components and parts and possible optimization of the frame.

Finally, the innovative solution will be evaluated and compared with the existing
one. Themost important indicators for the evaluation will be the possibility of editing
of any shapes, the time of changing the tools for changing the shear shape and the
cutting speed.

2 Planning Product Innovation

This chapter will outline the progress of innovation from initial planning, project
planning, to formulate innovative intent and statements to innovative opportunities
that include patent and competitive market research.

2.1 Schedule

First, the timetable for an innovative project in MS Project 2013 was set the problem
is divided into multiple subphases, resources are assigned to the tasks, and a time
limit is set including other necessary measures for individual tasks [4]. The program
from this information will generate a project plan shown in the Gantt chart (see
Fig. 1), and calculates the estimated end date.
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Fig. 1 Gantt chart

2.2 Innovative Opportunities

An integral part of the planning process is the identification of opportunities. In this
section, it is decided to create a new one or partial improvements existingwith respect
to the product platform. To analyze opportunities a patent survey, market research,

Fig. 2 Patent research, US4608895A Rotary die cutting (1984) (left). US5388490A Rotary die
cutting system and method for sheet material (1990) (middle). US5200592A Automatic cutting
apparatus for cloth (1990) (right) [5]
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Fig. 3 Market research. Cutting tool with belt bendable blade (a). Magnetic plate with cutting plate
(b). Cutting plate (c). Magnetic roller with cutting plate (d)

and user and customer consultation took place. The most interesting products found
on the market and in the patent survey are shown in Figs. 2 and 3.

3 Generating Concepts

The next stage of the innovation process is the draft concept itself. Using innovative
engineering methods, 3 concepts were generated in this chapter. Drafting will be
divided into the following subactivities:

• Identification of customer needs.
• Specification of product characteristics using the QFD method.
• Creative concept generation using the morphological matrix.
• Generate concepts themselves.
• Evaluation and selection of the best concept.

The first indicator for creating a new product is customer requirements and ideas.
Therefore, it is necessary to obtain the essential information from the customer,
interpret them correctly, organize these needs into groups, determine the relative
importance of these needs and review them retrospectively.

Now there is a formulation of customer needs. It seeks to accurately and measur-
ably describe what the product must contain, know, etc. from the above information.
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Fig. 4 Designed concepts. Concept A—(left), Concept B—(middle), Concept C—(right)

The QFD method is the dominant tool for this formulation. From the QFD matrix,
the following 5 most important parameters were highlighted:

• Maximum shear force.
• Minimum life of functional parts.
• Maximum shear width.
• Time to change the cut shape.

Weight of the device in the synthesis of already known solutions and creative
solutions to critical problems, the solution of partial problems has to be assessed and
combined. One of the combination methods of creative product concept generation
is the morphological matrix. In the matrix, they are placed on the vertical axis of the
function, and all possible sketches are assigned to them in the columns. The solution
options will be combined to create possible designs and concepts. The following
3 concepts appear in the following Fig. 4, after a combination of partial product
solution solutions in the morphological matrix:

• Concept A deals with two spring-loaded rotating cylinders. Material separation
occurs at the contact point of the cylinders by means of a cut edge on the top roller.
The surface is removable and easily dismountable with 6 screws.

• Concept B is again the use of a pair of cylindrical rotary tools. The lower roller is
again smooth and fulfills the function of the pressure roller. A major change over
the first proposed concept is that the top roller has a magnetic surface. A so-called
cutting plate can be attached to this magnetic surface. In a sheet metal sheet of
thickness up to 1 mm, almost any desired shape for cutting material can be cut.

• The third designed C concept is to cut wound covers with a band bendable blade.
This division principle is known as a linear cutter. The knife, together with the
plate in which it is stored, forms the so-called cutting tool with the stop plate.

In order to select themost appropriate option, a structured technique for organizing
and analyzing complex decisions based on the mathematics and psychology, called
the AHP abbreviation, was chosen. The chosen tool helps judges find what best fits
their goals by dividing difficult issues into smaller issues by assigning the relevant
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criteria and dividing them into hierarchies. It provides a comprehensive and rational
framework for structuring a decision-making problem.

According to AHP analysis, the B concept is the best-considered concept.

4 Developing Final Variant

First, according to the technical specifications given in Table 1, the required cylinder
dimensions were determined. The calculations reached the cylinder diameters d =
130 mm and the area width for the cutting plate b = 180 mm.

Stainless steel pneumatic cylinders according to CRDNG, ISO 15552 standards
have been designed to provide a theoretical force of up to 4712 N as a source of
compressive force. With this maximum force, the design of the bearings and the
pressing rollers was carried out and the lifetime control was carried out. The lowest
lifecycle was in rolls where 272 operating hours were loaded with a maximum force
of the cylinders. However, in the normal operation of the cylinders, only minor parts
of the maximum possible compressive force of the cylinders will be used.

Furthermore, a deflection control of the underpressure back pressure cylinder was
performed.Thedeflection calculationwasperformed in theANSYSWorkbench2016
software, which is based on the finite element method (see Fig. 5).

The results show that the roll deflection at the maximum force the pneumatic
cylinders are capable of being developed is 0.0055 mm. This deformation value
is satisfactory. Consequently, the strength check of the cylinder was performed,
including the tough impact strength at which the safety k = 6.12.

Anothermajor problemwas thedesignof the cylinder drive. Sincenohigh torque is
required for the rotation of the cylinders, an electric stepper motor designated NEMA
23has beendesigned.This engine is suitable for our application due to its size,weight,

Table 1 Technical specification

Product parameter Value

Maximum possible width of material web 150 mm

The maximum possible length of the wound
cover

380 mm

The distance of the blank from the base plate
Max.

Max. 45 mm

Cutting speed 1 pcs/s with deposition on a conveyor belt at a
speed of 200–1500 cm/min

Cutout shape Arbitrary

Required enclosure dimensions 75/100 mm; 100/100 mm;
150/100 mm; 150/150 mm
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Fig. 5 Deformation of the cylinder

accuracy, and ease of operation. The engine is attached to the planetary GEA-60-
3-60-ST-063 stepper gearbox, which reduces the gear ratio by 3 and increases the
torque of the engine.

The torque from the gearbox is transmitted to the pressure roller by means of
a three-piece clutch marked OLDHAM type OX57G with a through-hole. The last
phase of the construction was the design of the frame for all components. The roller
frame will be securely fastened to the anchor plate of the production line by means of
screws. It has to bemanufacturedwith high precision and is designed to be sufficiently

Fig. 6 Phase 1—without reinforcing ribs, deformation is 0.221mm (left). Phase 2—added reinforc-
ing ribs, deformation is 0.061 mm (middle). Phase 3—added bigger reinforcing ribs, deformation
is 0.035 mm (right)
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Fig. 7 Final construction

stiff and to avoid the shear and other axial crossing of the rolls and thus the quality of
the cut. Therefore, a deformation analysis of the framewasnecessary.The static frame
deformation calculation was performed in the ANSYS Workbench 2016 software,
provided that the amount of deformation is not greater than 0.05 mm (see Figs. 6 and
7).

The optimization resulted in a reduction in deformation from the original
0.221 mm to the final 0.035 mm. The frame designed in this way meets the rigid
requirements for proper operation of the device.

5 Results and Conclusion

All specified requirements have been met from the parameters specified in the intro-
ductory chapter. The maximum bandwidth of the material was maintained and the
maximum possible length of the cut shape was increased from the requiredminimum
380 to about 405mm. The design of the device is designed so that the strip of sheared
material is at a distance of 45mm from the production base plate. TheNEMA stepper
motorswith planetary gearbox for steppermotors have been designed to drive cutters,
tension rollers and belt conveyors. For both pairs of cylinders, the engine power series
23 was selected and the 34 series was selected for the belt conveyor. Designedmotors
meet the specified 1 pcs/s cutting speed parameter with speed control capability to
cover the desired belt conveyor belt speed range of 200–1500 cm/min.

At work, all the goals were met. From the design, it is possible to implement a
modular production line cutting device for the production of sophisticated adhesive
wound covers.
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Mobile Positioning Device Powered
by an Electromotor

Filip Dušek

Abstract This article deals with the design of positioning device used for easier
montage of various parts, especially blowers and compressors. The working desk
is part of the motion positioning device which rotates around horizontal axis of
positioning device. Working desk is held in pair of bearings and mathematically
solved as a refracted beam. Design of the device must be universal for many types
of assemblies and cannot be fixed to the ground therefore, is obtained with two pairs
of wheels to provide mobility. While assembling pressing machines bearing with
electromotor are fit into the housing which is mounted to the positioning device, the
device is in horizontal position toward floor and is able to absorb forces from pressing
process to the positioning device. FEM analysis is used for stress examination of
critical areas.When pressuring is started, positioning devicemust hold on a stationary
position. FEM analysis is used to determine maximum radial ratio of blower fixed
to the geometric center/centerline of the positioning device. Positioning device must
stay stable in all operations, therefore was created chart of the maximum stable
position around horizontal axis for 500 kg load from horizontal to the most critical
vertical position turned by 90°.

Keywords Positioning ·Mobile device · Electromotor

1 Introduction

Positioning devices (see Figs. 1 and 2) are widely used for many assembling opera-
tions, while mobility of device can be very practical during running production oper-
ations. The customer submitted request to the production company to create mobile
positioning device. The income attributes were complete size of device, mobility,
reliability and possibility to remove/change the completely base desk of the rotating
table without any needs for difficult assembling.

After proposal of the general parameters and design, the positioning device was
prototyped and sent to production. However, after half a year customer requested
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Fig. 1 Positioning device before expedition [1]

Fig. 2 Complete design of device (Legend: 1—Working table, 2—Frame, 3—Motor support, 4—
Driven pivot support, 5—Pivot support, 6—Support pivot, 8—Worm gearbox, 9—Electric motor,
10—Moveable wheel, 11—Fixed wheel, 12—Ball bearing, 13—Ball bearing, 14—assembly of
housing A, 15—assembly of housing B)
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revision. It was necessary to determine maximal allowed load capacity. After tech-
nical analysis, the maximal load capacity was determined as 500 kg. The objective
of this work was to verify this analysis and also check stability of positioning table
while assembling.

2 Design of Positioning Device

The main part of the table consists of welded frame which is assembled from square
profiles. Mobility of device is provided by pair of movable and pair of fixed wheels
with additional brake. Driving mechanism is consisting of electromotor with 1.5 kW
power and worm gearbox with ratio 320. Output speed of driving mechanism is
4.5 rpm.

The output gearbox shaft is mounted to the coupling located in housing. Housings
are mounted to the welded frame using bolts. There is a pair of ball bearings in every
housing. Driving and carrying pivots are part of housings. Driving pivot is tubular
and therefore provides socket for driving shaft. Outer part of the pivot is put into
bearings located in housing. Torque is transferred between parts via parallel key
lock. Carrying pivot is put into bearings and mounted to the rotating table via bolts.

The working table is assembled from welded thick sheet metals with holes used
to mount assembled parts. Whole working table is mounted by bolts on the pivots.
Torque is transferred by two components. Firstly, by friction of bolts and secondly
by shape of key locks as seen in Fig. 3.

Fig. 3 Model of assembly of housing A (left), assembly of housing B (right)
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3 Stability andMaximumDistance from Center of Rotation

One of many problems was to determinemaximal dimension of beamwhich is motor
able to turn with without consecutive overload. The assumption is that the center of
mass of amaximumweight load is positioned out of positioning device table. Related
to this is also stability of whole table which must stay stable during whole operation
and avoid overload and collapse. Distance from center of mass is possible count
according to Eq. (1), (see Fig. 4).

x(α) = T

Q · sin(α)
(1)

where x—distance from center of mass, T—nominal torque from gearbox, Q—
weight force. Stability positioning device is presented in Fig. 5.

Fig. 4 Force during rotating

Fig. 5 Diagram of stability positioning device
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4 Complex FEM

The first part of FEM contains complete deformation analysis for two extreme posi-
tions of the table: firstly for default position where the table is horizontally oriented
and secondly for position where the table is moved by 90° (see Fig. 6). Final amount
of deformation is relatively small therefore is negligible. There is no significant
impact in case of inaccuracies while production assembling.

The mesh is created according to technical recommendations [2].
The stress analysis was done in second part for both extreme positions. The points

of interest are (see Fig. 7):

Fig. 6 Total deformation of device caused by mounted mass
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Fig. 7 Equivalent (von Mises) stress analyses of pivot and working table

• Pivots.
• Working table where welds are used.

The only more significant stress within pivots is at the position of retainer ring
groove. The most critical spot at all seems to be the filled weld holding working table
in 90° position close to the driving mechanism. In this spot, the weld is not welded
through the parts completely. Weld is used from both sides of the table.

5 Conclusion

It can therefore be presumed that the load capacity of 500 kg is safely guaranteed for
complete design. The most critical spot are the chosen ball bearings in terms of static
strength. Dynamic strength is negligible in this case for very low output speeds under
10 rpm. Strength examination of bolts and keys is sufficient also with its combination
while transferring torque fromgearbox. Framewith housing ofworking table is tough
enoughwithin both extreme positions. Positioning device is currently used for 3 years
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and according to last information, everything works well without any crashes. In case
of assembling, next series of this device is recommended using better bearings with
cylindrical rollers. Angular contact bearings are unnecessary in this case because
gearbox output axis is parallel to the working table axis.
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Development of a New Measuring System
for Verifying the Float Level Gauge

Tomáš Gajdošík, Igor Gajdáč, Ĺuboš Kučera and Jaromír Markovič

Abstract The paper deals with the possibility of increasing the accuracy of mea-
surement of float indicators (float gauge) for level verification in high-capacity oil
and hydrocarbon fuel tanks. Verification of accuracy of float level gauge is required
by law. The new device will use Renishaw’s metering system. The new measuring
system will work with an accuracy of 10 times the current measurement system. The
current measuring system uses an accurate sliding scale and the rope of the authenti-
catedmeasuring system is pressed by point contact formanipulation. The new system
utilizes the direct contact of the rope and the measuring wheel. The paper focuses
on the overall concept of a measuring device. The paper also deals with the determi-
nation of the geometric tolerances produced by the device components to minimize
the measurement error. This article was based on the solutions to common project
of applied development Slovak Legal Metrology, Slovak University of Technology
in Bratislava, University of Žilina, with the support of the Agency for Research and
Development.

Keywords First measuring system · Float level gauge · Accuracy · Design

1 Introduction

Presented solution is based on the national legislation represented by Annex no. 68
UNMS to the regulation Nr. 210/2000 Coll., International recommendation OIML
R 85: 2008 Automatic level gauges for the measurement of the level of liquid in sta-
tionary storage tanks and the standard STN EN ISO/IEC 17025: 2005 Requirements
for the competence of testing and calibration laboratories.
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2 Current Status

For the calibration andverification of float leveling devices, the test equipmentZOH1,
which was developed on the basis of utility model no. 166-2013 [1]. This measur-
ing system allows very effective verification of the float level meter directly at the
customer, without the need for the level meter to be transported to the calibration
laboratory. Figure 1 presents a schema of a device for calibrating and verifying float
level gauge. The S1 is a verified device. The S2 is a steel wire 0.15 mm thickness.
The device has one fixed and accurate low-resistance pulley 8 and one free accurate
low-resistance pulley 3. On the pulley 3, a float S3 that is part of the level meter
is suspended on the steel wire. In vessel 5, the liquid 6 has known density, and the
container is placed on the weight 7. Block 1 represents the measurement system and
block 2 is float drive with stepper motor and belt drive (see Fig. 1). The photograph
of real equipment ZOH1 is presented in Fig. 2. By successively of wire, the level

Fig. 1 Schema of the device principle—ZOH1
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Fig. 2 Real equipment ZOH1

sensor cable S1 from point A to point B a level change is simulated and the leveling
agent reacts by balancing the entire weight of the float S3 to the desired weight.

Changing the length of the S2 from the automatic level meter and subtracting the
change in length to the level meter is compared with changing the length of the shift
between points A and B. We need not a 35 m high liquid tube in this case. By the
measurement process to change the height by 35 m, it is necessary to move the wire
106 times from point A to point B by caliper (see Fig. 3).

The caliper is calibrated, with l = 330 mm displacement, the deviation �l1 =
±0.01 mm and total deviation Σ �l1 = 0.02 mm.

Fig. 3 Schema of block 1 of the device—ZOH1
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Fixing points A and B press the steel wire around the body of the gauge, and an
angular error between the wire and the caliper—α1 = 0.1736° may occur during
measurement.

αl = arctg
1

330
= 0.1736◦ (1)

Changing length due to angular error is �l in mm.

�l2 = l

cosα1
= 330

cos 0.1736
= 330.0015 (2)

The error is symmetric, so we can write

�l2max = 330.0015 (3)

�l2min = 329.9985 (4)

∑
�l2 = �l2max − �l2min = 330.0015 − 329.9985 = 0.003 (5)

Total expected deviation

∑
�l =

∑
�l1 +

∑
�l2 = 0.023 mm (6)

Deviation at 106 times (length = 35 m)

�l35 = 106 ×
∑

�l = 106 × 0.023 = 2.438 mm (7)

The Schema of block 2with test equipment (ZOH1) is presented in Fig. 4. Figure 5
presents the comparison of the measurement error in relation to the height level.

3 Design of a New Measurement System

The new metering system will use a part of the ZOH1. To increase accuracy, block 1
will use the Renishaw’s VIONiCmeasuring systemwith a precisionmeasuring angle
of better than 0.1 arc s. The Renishaw’s measuring ring will be part of a precision
pulley with an internal diameter of 105 mm and a circularity tolerance of 0.002 mm
and a wire shear angle of 350°. Block 2 will be formed by a pulley on which the
level meter wire will be wound using a stepper motor and belt drive. In this case,
the measuring system can be automated and the float switch in the water tank can
be programmed. No manual operation will be required to perform the measurement
as in the case of a caliper. Block 1 with VIONiC measuring system is presented in
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Fig. 4 Schema of block 2 of the device—ZOH1

Fig. 5 Comparison of the measurement error in relation to the height level, where ref—reference
measuring device, Lab1—device ZOH1

Figs. 6 and 7. Block 2—float drive with stepper motor and belt drive, is presented in
Fig. 8 [3].

When we using a pulley with nominal diameter, l1circ = π × 105 = 329.867 mm.
The length per revolution with a circular tolerance of 0.002 mm:

l1circ = π × 105.002 = 329.8735 mm (8)
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Fig. 6 Block 1 using a
VIONiC measurement
system

Fig. 7 Block 1 using a
VIONiC measurement
system—model of pulley
with VIONiC measuring
system [2, 4]

Fig. 8 Block 2—float drive
with stepper motor and belt
drive
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The deviation per revolution:

�lcirc = l1circ − lcirc = 329.8738 − 329.867 = 0.0065 mm (9)

Deviation at 106 times (length = 35 m)

�lcirc35 = 106 ×
∑

�lcirc = 106 × 0.0065 = 0.689 mm (10)

4 Conclusion

According to the calculation of the maximum deviation, we can state that by using
the rotary sensor, themeasuring accuracy will be 3.5 times better. It is also possible to
automate and accelerate themeasurement process. In addition, the device dimensions
may be smaller.

Acknowledgements This article was created with the support of project APVV-15-0164—inno-
vative technologies for calibrating measurement equipments.
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Experimental Methods and Devices
for the Identification of the Properties
of Pneumatic Dual Mass Flywheel

Robert Grega and Peter Kaššay

Abstract The torsional vibrations generated by combustion engines installed in
vehicles have an undesirable effect on the life and reliability of individual com-
ponents. Vibration and excited noise reduce the comfort of the operator and crew.
The subject of torsional vibration reduction is therefore highly current. One of the
options for reducing torsional vibrations is the current use of dual mass flywheels
that are included between the combustion engine and the vehicle’s gearbox. An alter-
native solution to the reduction of torsional vibration is the use of a pneumatic dual
mass flywheel. The pneumatic dual mass flywheel is characterized by the fact that
it is possible to change its properties during the drive operation. For the purpose of
investigating the use of dual mass flywheel in combustion engines, it was necessary
to create experimental devices and methodology to identify their properties. The
experimental device is possible to identify the operational, strength and expansion
properties of pneumatic dual mass flywheels.

Keywords Pneumatic dual mass flywheel · Properties identification ·
Experimental methods · Devices

1 Introduction

Modern propulsion devices, new combustion engine designs and an effort to reduce
emissions and weight of the whole system increase the efficiency of vehicle drives
but also make those drives much more vibration—sensitive. Therefore, the problem
of reducing these vibrations and their undesirable effects becomes more and more
important when designing a vehicle drive [1, 2].

The vehicle propulsion system is a relatively complex dynamic system that must
meet the demands placed on it in all situations—driving modes that may occur. The
vehicle propulsion is still based on piston machine.

Nowadays, piston machines are the most widely used type of rotary machines [3].
Both, the driving and the driven machines are widely used [4].
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In the field of driving piston engines, the dominant group is that of the combustion
engines [5].

The combustion engines are characterized by varying force over the piston, which,
by transformation in the crank mechanism, leads to a torque with variable rotation.
Thus, the variable torque is a source of increased stress, vibration and noise, affecting
other parts of the drive. Reducing these undesirable vibrations is the subject of long-
term effort aimed at introducing various technical solutions for connecting piston
machines to other parts of the drive [6, 7].

The basic solution is to use parts that minimize vibrations in the piston machine
drive. Various torsion dampers are used for this purpose [8–10].

In the combustion engine area, the use of dual mass flywheels is ever-increasing.
Consequently, the pressure on the development of dual mass flywheels is constantly
rising, namely expectations of their ability to respond to the change in dynamic ratios.

The reduction of torsional vibration and its impact constitute a significant attribute
in modern vehicle design. The use of dual mass flywheels is not related to passenger
cars only, where the flywheel, nonetheless, has been put to significant use so far.
Dual mass flywheels can nowadays be found in the truck and agricultural vehicle
propulsion systems, which place new demands on these vibration eliminators [11].

Many authors focus on DMF innovations and their simulations. Mahl and
Sawodny [12] focus on the development of dual mass flywheels using simulations.
Pfabe proposed a driven flywheel [13]. Peghaar designed Electrical Dual Mass Fly-
wheel [14]. Grega designed a pneumatic dual mass flywheel for low emission marine
engine applications [2].

The common property of dual mass flywheels is that they must be capable of
transmitting large torques. However, in order to minimize torsional vibration, their
stiffness value must be low, which is achieved through a large angle of twist. In some
cases, the angle of twist is measured up to 60° [15].

2 Define Problems

New design solutions in the area of dual mass flywheels, especially in developments
of the pneumatic dual mass flywheels, offer a wider range of possibilities of torsional
vibration tuning in vehicle propulsion systems. Each design of a pneumatic dualmass
flywheel must ensure that the torsional stiffness of PDMF is low, covering a wide
span of the angle of twist. Low torsional stiffness then makes the application in a
torsionally vibrating mechanical system possible, where its own frequencies can be
shifted to areas of very low speed. Thus, dangerous resonances at different operating
speeds are avoided. In combustion engines, those resonances always follow the so-
called downspeeding trend [16].

The basic design of the pneumatic dual mass flywheel was published in [17].
The basic feature of the pneumatic dual mass flywheels is that there is a pneumatic
bag between the flywheel’s primary and secondary part, in which the air pressure
can be varied smoothly in course of the dual mass flywheel rotation. This smooth
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change in pressure is manifested by a continuous change in the pneumatic dual mass
flywheel properties. It is precisely the change in properties, dependent on the change
in the air pressure in the bag, that need to be experimentally identified. Thus, the
pneumatic dual mass flywheel is characterized by a large angle of twist of up to 60°
and a change in the pneumatic bag air pressure ranging from 0 to 700 kPa. In order
to identify the properties of the newly developed pneumatic dual mass flywheel, it
is therefore necessary to modify the methods of measurement and to design new
measuring devices. The aim of the paper is thus to present the modified measuring
methods and equipment that needed to be developed, designed, implemented and
tested for the sake of further research in the field of pneumatic dual mass flywheels.

3 Theory and Methods

Pneumatic dual mass flywheels can be characterized as parts of machines used for
flexible coupling of the driving and the driven part of the drive. Basic properties of
all such devices need to be identified. Basic properties of such flexible machine parts
can be divided into 3 groups, namely strength, operational and expansion properties
[18, 19].

Strength properties. They are characterized by their ability to transmit different
types of torque and maximum working speed without any damage.
Expansion properties. They describe how and of what magnitude the axial, radial
and angular inaccuracies arising from production and assembly can be eliminated.
The operational properties. They describe the ability to harmonize the mechanical
system and damp torsional vibrations.

In order to identify the above groups of properties of flexible machine parts,
experimental tests need to be performed. In our case, it is necessary to carry out
experimental tests for the newly developed pneumatic dual mass flywheel. Out of the
above-mentioned three groups of properties, the operational property ismost difficult
to identify. The term “operational properties” of pneumatic dual mass flywheels
denotes their static and dynamic performance.

To identify the static operational properties, it is also possible to use measurement
methods and devices where the pneumatic dual mass flywheel does not need to rotate
and does not need to be impacted by variable force, that is, it may not even vibrate
[20, 21].

The static operational characteristics of the pneumatic dual mass flywheel include
the following:

• Static characteristic (the static load torqueMkstat dependent on the pneumatic dual
mass flywheel ϕ angle of twist at a very slow change in torque).

• Static torsional stiffness of the pneumatic dual mass flywheel kstat (this is a calcu-
lated value; it is a derivation of the static curve equation according to the angle of
twist).
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Dynamic operational characteristics of the pneumatic dual mass flywheel to be
identified are:

• Dynamic torsional stiffness kdyn of the pneumatic dual mass flywheel.
• Damping of the pneumatic dual mass flywheel, which can be expressed in terms
of an equivalent cushioning coefficient be, or proportional damping �.

Dynamic measurement methods and experimental devices are used to identify
dynamic operational properties. In dynamic measurement, it is not necessary for the
pneumatic dual mass flywheel to rotate. It is sufficient to simulate the dynamic load
component. Simulation of the dynamic load component requires application of a
variable load exciter. The variable loader can be based on the principle of kinematic
excitation or on the principle of dynamic excitation. In view of our prior experience,
we chose to use a kinetic exciter to identify the pneumatic dual mass flywheel prop-
erties [22]. The diagram of the device for identifying dynamic operational properties
is shown in Fig. 1.

The measuring device for identification of the pneumatic dual mass flywheel
properties should consist of the parts is defined in the diagram in Fig. 1. In particular,
those include the exciting part (1), the immobilizing part (2), the pickup arm (3).
Torque sensors for testing the pneumatic dual mass flywheels can be placed variously
between those basic parts.

Using the measuring device of Fig. 1, which can be configured in a variety of
ways, we are able to apply both static and dynamic measurement methods to identify
the static and dynamic operational properties of the pneumatic dual mass flywheel.

Using the parts (2) and (3) of the measuring device, between which the pneumatic
dual mass flywheel will be placed, measurements can be made to identify the static
operational properties of the pneumatic dual mass flywheel. This configuration of
the measuring device can also be used in application of the free vibrating method.

Measurement by means of free vibration is one of the simplest methods for estab-
lishing dynamic torsional stiffness and damping. To obtain a log with oscillation

Fig. 1 Diagram of the measuring device for identification of the pneumatic dual mass flywheel
properties
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course, it is necessary to record the movement of part (3) of the measuring device
using the acceleration sensor and the measuring apparatus. This method makes it
possible to identify the properties of pneumatic dual mass flywheels even at different
bias magnitudes.

The use of parts (1) and (3) of the measuring device according to Fig. 1 is suitable
for detecting the pneumatic dual mass flywheel dynamic properties. The vibration
pickup method of measurement is particularly suited for detecting dynamic torsional
stiffness at different bias and different loading amplitudes. By combining the parts (1)
and (2), it is possible to observe in particular the damping and the dynamic torsional
stiffness at different frequencies and at different exciting amplitudes.

4 Results and Discussions

For the purpose of identifying the properties of the newly developed pneumatic dual
mass flywheel, a measuring device was built in our laboratory, making it possible to
run static and dynamic measurement tests. Verification and measuring device tests
were run on dualmass flywheel designed for four-cylinder diesel combustion engines
with a nominal torque 350 Nm. Figure 2 shows the measuring device configured to
run static tests.

In establishing static properties, five repetitions of jolt-like load application onto
the pneumatic dual mass flywheel and its subsequent release must be done. The
static characteristic is then defined as a load-applying property of the fifth hysteresis
loop. The rendition of the hysteresis loop describing the static property is shown in
composite Fig. 4.

As alreadymentioned above, dynamicmeasurement,methods are required to iden-
tify dynamic operational properties. Our measuring device facilitates three dynamic
measurement methods. Figure 3 shows the configuration of the measuring device for
the application of the measuring method by means of vibration pickup.

With thismethod, vibration pickup amplitudes, aswell as themagnitude of torque,
are recorded synchronously. These data then make it possible to draw the hysteresis
loop. By analyzing the hysteresis loop, we are able to establish proportional damping
and dynamic torsional stiffness of the dual mass flywheel. Again, we made a record
ofmeasuring the vibration pickup in the form of a hysteresis loop. Themeasurements
were made with different biases of the dual mass flywheel. Hysteresis loops from
measurements obtained by the vibration pickup method are shown in the composite
(see Fig. 4).

Referring to composite Fig. 4, hysteresis loops of vibration pickup can be made
for different dual mass flywheel frequencies and different biases.
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Fig. 2 Measuring device for identification of the pneumatic dual mass flywheel static properties:
(1—dual mass flywheel, 2—immobilizing element, 3—swing arm, 4—measurement of the angle
of twist, 5—torque sensor, 6—display unit)

Fig. 3 Measuring device facilitating the method of vibration pickup: (1—immobilizing element,
2—torque sensor, 3—angle of twist sensor, 4—dual mass flywheel, 5—exciting element)
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Fig. 4 Composite hysteresis loops for identification of static properties, dynamic torsional stiffness
and proportional damping

5 Conclusions

Our aim was to produce and test measuring equipment and measurement methods
to identify the properties of the newly developed pneumatic dual mass flywheel. We
designed and built a testing device facilitatingmeasurementmethods of identification
of the static and dynamic operational properties of pneumatic dual mass flywheels.
Test measurements were run under our laboratory conditions. Subject to our testing
measurements was a dual mass flywheel used in four-cylinder diesel engines. From
the verification test results of the testing equipment, it follows that the measuring
device available at our workplace, including the measuring and evaluation apparatus
and themeasuringmethods, is suitable for identifying the properties of the pneumatic
dual mass flywheels. The measuring device will be an asset of further progress in the
field of research and development of pneumatic dual mass flywheel new designs.

Acknowledgements This paper was written in the framework of Grant Project VEGA 1/0473/17
“Research and development of technology for homogeneous charge self-ignition using compression
in order to increase engine efficiency and to reduce vehicle emissions.”
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9. Homišin J, Čopan P, Urbanský M (2013) Experimental determination of characteristic prop-
erties of selected types of flexible shaft couplings. Sci J Silesian Univ Technol Ser Transp
81:51–57

10. Krajnak J, Homišin J, Grega R (2011) Effect of helium on mechanical properties of flexible
pneumatic coupling. Sci J Silesian Univ Technol Ser Transp 73:63–69

11. Grega R (2014) The chance for application of the pneumatic dual mass flywheel in drive
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19. Urbanský M, Homišin J, Čopan P (2013) Examination of mechanical system response to
gaseous media pressure changes in the pneumatic coupling. Sci J Silesian Univ Technol Ser
Transp 81:143–149



Experimental Methods and Devices for the Identification … 55

20. UrbanskýM (2014) Theoretic and experimental determination of the flow resistance coefficient
at gaseous medium flow into and out of the pneumatic coupling. Sci J Silesian Univ Technol
Ser Transp 85:119–125

21. Urbanský M (2017) Harmonic analysis of torsional vibration force excitation. Sci J Silesian
Univ Technol Ser Transp 97:181–187

22. Baran P,GregaR (2015)Comparison of dynamic properties of dualmass flywheel.Diagnostyka
16(1):29–33



Innovation of Device for Production
of Core Yarn with Nanofibers

Martin Chára

Abstract This work is focused on innovation of the method of application of
nanofibers on yarn. A candle filter is produced from this fiber body. The goal is
to increase the productivity of nanofiber deposition and to remove unwanted effects
on existing device. The procedure is based on innovative methods of product innova-
tion. At the beginning of the work, a patent survey is carried out and the QFD matrix
is compiled. Several concepts are proposed bymorphological matrix and the analytic
hierarchy process is used for selection of concept for designing. The selected concept
is designed to meet the target parameters. An experiment was performed to verify
the balloon parameters and the proposed concept is divided into three sections. The
designed concept is compared at the end of the thesis with the current solution. A
microscope with a magnification of one hundred is used to compare the nanofibres
layer applied on a yarn.

Keywords Nanofibers · Yarn · Candle filter · Innovation · Electrospinning

1 Introduction

At present, the development of nanomaterials is a trend around the world. Nano-
materials find application in various fields of human activity and one of these areas
is filtration of liquid and gaseous media. For filtration, it is advisable to use nano-
materials in the form of nanofibers [1, 2], which can be applied on the substrate or
used separately. Filtration is important, for example, in medicine for the creation of a
health-conscious sterile environment and in many industries. Another trend that con-
cerns almost everyone is the increasing pollution of the environment and the effort
to eliminate it. A large number of people, especially in the states of Africa, have
no access to clean and clean water, and a simple filtration of untreated water would
help to improve their lives. Thanks to the use of nanofibres in the filter, some types
of bacteria and allergen particles can be trapped to reduce water contamination. The
ability to filter smaller particles can be used, for example, in the removal of yeasts and
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undesirable microorganisms from beer, and it is not necessary to use pasteurization
in which the taste of beer is degraded and the process is more energy-intensive than
filtration. The advantage of filters with nanofibers is their higher efficiency and lower
pressure drop, which is achieved by a smaller filling of the fabric and thus increased
porosity.

2 Experimental Work

In this work, an innovation of the experimental device for the production of filter
candles will be carried out. Specifically, it is the production of electrostatic spinning
within the framework of the project called “Coiled Coated Filter Cores of Composite
Nanofibrous Yarns,” which takes place at the Institute for Nanomaterials, Advanced
Technologies and Innovations in Liberec (CxI). This work will mainly deal with the
innovation of the device principle, i.e., the technological process, in which nanofibers
are applied to the core to produce a composite nanofibrous yarn. The same type of
yarn and the same filter core will be used for the upgraded device as in the previous
solution.

The aim of device innovation will be above all to increase the productivity of
nanofibers adding. Productivity is one of the key indicators from the point of view
of industrial engineering and the improvement of this indicator is important for
subsequent applications in a commercial environment. Another goal of the work
will be to reduce the complexity of the current system. In this case, the reduction of
this important parameter will be important in terms of maintenance (see Table 1).
The device will be designed so that the composite nanofiber yarn is wound directly
onto the core of the filter after drying. If the yarn was wound on the spool after the
process, from which it would then be rewound to the core of the filter, wasting would
be a waste of manipulation and a prolongation of the running time. For the correct

Table 1 Basic target
parameters

Parameters Values

Filter length (mm) 250

Filter inner diameter (m) 27

Filter outer diameter (mm) 45

Yarn fineness (tex) 80

Number of operators 2

Percentage of coating of yarn
surface by nanofibers (%)

50

The speed of yarn passage
through the device (m/min)

100

Regulation of tightening force
during winding

Electronic, accuracy 0.1 N
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filtering capability of the coil filter, it will be important to maintain a low twist of
yarn passing through the device and the force it will tighten on the core of the filter.

3 Patent Research

3.1 Purpose of Research

The aim of the patent research is to explore technical solutions that address the issues
addressed. Thismakes it unnecessary to rely solely on creativity on drafting concepts,
but already validated solutions can be used.When researching patents, it is important
to assess whether it is possible to adapt the patented solution for our case. For this
purpose, the web site of the Industrial Property Office and Google Patents was used,
and the search was focused on how nanofibers were created.

Search keywords: Produce nanofiber, Polymeric nanofibers, Nanofibers.

3.2 CZ 306428 B6

In view of the objective of this work, the most interesting patent No. 306428 [3]
describes a new method for the production of nanofibers (see Fig. 1) and their appli-
cation to the yarn. This is an AC production that is combined with the effect of
“ballooning” the yarn to ensure the effective deposition of the resulting nanofibers.
In the so-called ballooning yarn rotates at a larger radius than it would rotate when
rotating around its own axis, so it is not necessary to use very high spinning speeds.

Fig. 1 Patent scheme and the layer of nanofibres [3]
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The nanoparticle is uniformly applied in the form of a spiral and has a high consis-
tency with the yarn. This method is incorporated into the following morphological
matrix to be used for drafting concepts.

4 Concepts Generation

This chapter consists of draft concepts that should meet the set goals. First, a QFD
matrix is developed to meet customer requirements, and a morphological matrix
is used to support creativity, resulting in various concepts that are subsequently
developed as 3D models. These concepts are then evaluated from various points of
view and the AHP method is used to evaluate the appropriate option.

4.1 QFD

The QFD method is originated in Japan in the 1970s and is a structured process in
which Voice of Customer is processed. This method ensures that customer needs will
not only affect product design but also design production and service [1].

When constructing a device, it will be important to address the characteristics that
have the greatest significance resulting from the QFD. Themost important parameter
is the use of a closed spinning space to meet the requirement for process stability and
simplify cleaning. Furthermore, it is necessary to provide automatic control of yarn
tension during winding and to use as many standardized parts as possible in order to
make the machine simple to modify and repair. The built-up area should be as small
as possible so that the facility can be operated in smaller laboratories and the target
value is 10 m2.

4.2 Morphological Matrix

Themorphological matrix (see Fig. 2) serves for a clear and illustrative design of var-
ious designs of products and equipment. On the left part of the matrix, the individual
functions that need to be provided are listed in the rows. There are various principles,
kinematic schemes or arrangements to ensure the function. Further, various shapes
and structures of the products or parts of the device may be developed. Concepts are
created by linking individual cells (in each row to one cell) of the created matrix.
Connections are represented by numbers 1–4, which are draft numbers [1].

As a principle of creating nanofibers, the morphological matrix includes only
the production of electrical voltage, since it is the most mature solution. Both the
DC voltage used in industry and the newly developed AC voltage technology are
listed here. Following are the different types of yarn movement in the spinning space
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Fig. 2 Morphological matrix

and the shapes of the electrodes on which the thin film of the liquid polymer is. In
addition, there are suggestions for electrode cleaning and possible ways to accelerate
evaporation of solvent from liquid fibers by drying.

Four concepts have been created from this matrix, of which concept number 2
is the least radical and is rather the evolution of an existing solution. This variant
was developed for a project running at the Institute for Nanomaterials, Advanced
Technologies and Innovation, and the device will be made for experimental filter
production. Conversely, concept number 4 is essentially different in all respects,
rather than the current solution, due to the chosen voltage.

4.3 Selected Concept

The AHP method was used to select the design concept, in which the concepts were
evaluated by five different weight criteria. The most appropriate concept based on
AHP (see Fig. 3) was the alternating voltage variant, which was further elaborated.
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Fig. 3 Selected concept by AHP

In the selected design, the yarn is fed to a rotating mechanism that is driven over
a belt drive by an electric motor. In the hollow pulley mounted on the bearing, there
is an insert with holes. The holes are drilled at different distances from the axis of
rotation, and by choosing the hole through which the yarn passes, we can change the
thresholds of the balloon effect. Thanks to this effect, we can use a lower speed of
the electric motor. The nanofiber siding is formed on the conical electrode and the
liquid polymer is conveyed on its surface by an internal opening extending in the
axis of the electrode. Nanofibres are applied in the form of a spiral to the yarn and,
after application, passes through a drying tube. The hot air is fired at one end at the
end of the drying pipe, leaving the evaporator at the other end with the evaporated
solvent. Subsequently, the resulting composite yarn is wound onto the core of the
filter [4].

5 Designing of the Selected Concept

5.1 Verifying Ballooning by Experiment

To verify the balloon effect, a simple experiment (see Fig. 4) was designed to find
out what parameters the proposed design nodes would have to meet [4]. These are
parameters influencing the shape of the balloon and thus the success of the application
of nanofibres. The yarn was selected for the experiment with a maximum value of
200 tex for which the device is designed. This value has been selected to validate
the intended maximum preload values. For thinner yarns, the required prestress will
decrease due to less centrifugal force (Fig. 5).
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Fig. 4 Setup of experiment

Fig. 5 Picture of balloon

After each preparation, the two devices were started and ballooning images were
taken during the stabilization. For a given speed, the balloon diameter should there-
fore be between 3.18 and 6.36 mm. The following figure shows that the yarn creates
a balloon within a given range, and nanofibers should be applied without tearing the
siding. The experiment performed provided information on the required parameters
of the individual construction nodes.

5.2 Designed Device

The individual design nodes were placed into separate sections. In the first part, the
yarn from the spool is unwound and the desired preload of the yarn and its rotation
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is selected by the eccentricity. A patented conical electrode follows the process of
applying nanofibers. In the next section of the device, the nanofibers are dried in the
drying chamber. The following is the yarn distributionmechanismand themechanism
for rotating the filter cavity (see Fig. 6; Table 2).

Figure 7 shows a direct comparison of the amount of nanofibers applied using an
existing solution (bottom of the figure) and using the alternating voltage (the upper
part of the figure) which is designed for an innovative solution. The magnification is
100 times, and there is an increase in the productivity of adding nanofibers.

Fig. 6 Designed device

Table 2 Target and achieved values

Parameters Values

Filter length (mm) 250 200–400

Filter inner diameter 27 m 27 mm

Filter outer diameter (mm) 45 33–80

Yarn fineness (tex) 80 30–200

Number of operators 2 2

Percentage of coating of yarn
surface by nanofibers (%)

50 70

The speed of yarn passage
through the device (m/min)

100 100

Regulation of tightening force
during winding

Electronic, accuracy 0.1 N Electronic, accuracy 0.001 N



Innovation of Device for Production of Core Yarn with Nanofibers 65

Fig. 7 Comparison of nanofibers layers
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Bearing Test Rig: Setting up and Lesson
Learned

Jakub Chmelar , Pavel Mossoczy and Vojtěch Dynybyl

Abstract The paper presents recently built experimental rig for testing of rolling
element bearings. Test rig comprises patented support of tested bearing that enables
simulation ofwide spectrumof operating conditions including external dynamic load.
Forced recirculation lubrication system canmaintain the temperature of oil in the bath
and control the flow of supplied lubricant by a membrane pump. Sensors attached
to the tested bearing provide information about inner and outer ring temperature and
vibration signal. The device is additionally equipped by bearing monitoring system
based on induced surface acoustic wave transmission characteristics that are sensitive
to lubrication state and will be subject of prepared research. The chapter starts with a
system-level overview that allows reader to get familiar with device before a detailed
description of key components such as tested bearing housing, loading mechanism
or control system. The experience obtained during the assembly and initial launch
of rig in the form of lesson learned closes the paper.

Keywords Bearing · Lesson learnt · Lubrication · Slip rings · Temperature · Data
acquisition · Lamb waves

1 Introduction

Developed test system allows experimental testing of rolling element bearings under
simulated operating conditions. It serves as universal experimental device that can
be equipped with wide range of sensors, to enable application-oriented research in
area of bearings or applied tribology. The setup described in the current chapter is
intended for testing of roller bearings, axially non-located on outer ring such as type
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N306. It is prepared to simulate the dynamic loads in axial and radial directions in
addition to radial static (pre)load. Sensors attached to the system allow detection of
bearing temperatures on both rings; sense the vibration excited by tested bearing and
using monitoring technology based on surface acoustic waves, the lubrication state
of tested bearing is observed.

The device consists of four connected subsystems:

• Test rig.
• Control system and power system.
• Instrumentation.
• Data acquisition system (DAQ).

1.1 Test Rig

It is a cornerstone of the test system. As depicted in Fig. 1, it consists of central shaft
(1) rigidly supported by preloaded pair of oversized taper roller bearings (2), housing
that accommodates tested bearing (3), its supporting portal frame (4), linear hydraulic
cylinder for external radial load (5) and a complete supporting frame (10). Important

Fig. 1 Test rig: (1—central shaft; 2—support bearings housing; 3—tested bearing housing; 4—
portal frame; 5—radial load cylinder; 6—membrane oil pump; 7—oil bath; 8—manual pump;
9—AC motor; 10—base frame; 11—air compressor)
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part of test rig is a dedicated lubrication system for continuous oil recirculation (6,
7) and pneumatic compressor for compressed air-driven vibrators for simulation of
dynamic load.

1.2 Control and Power System

It consists of a 2.2 kW AC (9) motor and a Variable Frequency Driver (VFD). The
VFD drives the motor by an open-loop vector control method, allowing operation
within required range of speeds, e.g., 500–3000 rpm. The motor design is optimized
for operation in servo regime and includes an encoder (in current configuration not
connected); separately driven fan that is especially important to improve cooling in
low-speed operations, when the heat removal must be promoted to protect motor;
and a thermistor (PTC) installed in the motor winding to check the temperature.

1.3 Instrumentation

It covers all sensors used on the test rig. Namely, it is a resistive temperature detector
(RTD) built in the shaft to measure temperature of inner ring of tested bearing. Strain
gauge-based load cell provides feedback of applied external radial load and a couple
of interdigital piezoelectric transducers for excitation and sensing of surface acoustic
waves (SAW), that are part of Bearing Monitoring System—BeMoS®, detection of
lubrication state.

1.4 DAQ System

It aggregates and records all measured data from instruments and provides its visual
output and preliminary real-time analysis to control the experiment during the course.
The DAQ system consists of components by National Instruments, Ltd. (NI) and a
LabVIEW data processing and visual programming environment.

2 Methods and Materials

The section provides a close overview of the most important components added with
photographs from assembly and notes.
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2.1 Key Components

Housing for Sample Bearing As referred earlier in the text, the construction of
sample bearing housing allows testing of axially non-located roller bearings. Three
rods attached to the housing, in detail depicted in Fig. 2 perform auxiliary support
function, limiting the displacement of housing in axial direction. Rods are located
in bushings of portal frame with clearance fit (clearance 0.05–0.1 mm), so tested
bearing itself determines actual position of housing which mitigates the risk of its
additional loading caused by, e.g., misalignment. The system enables clamping of
tested bearing and its simultaneous loading by static radial and dynamic axial force
when in the same time mitigating risk of additional undefined load received patent
protection [1].

Fine-tuning of clearance between rods and bushings was conducted by extension
of bushings pilot diameter during final assembly. The clearance has to allow sponta-
neous alignment of the housing when radial load is applied on the bearing. In ideal
case, all rods shall be unloaded when no dynamic load is applied. The alignment
was checked by run-out gauge attached to the front face of the central shaft and
with stylus pointed to the front face of bearing housing as viewed in Fig. 2 (right).
Acceptable value of maximal axial run-out over a complete revolution was 0.05 mm
that was achieved.

Loading Mechanism Tested bearing operates under simulated radial load that is
induced by the loading mechanism as viewed in Fig. 1. It consists of a hydraulic
cylinder (5) radially attached to the housing of tested bearing, a manual hydraulic
pump (8) that allows hydraulic pressure control and a load cell that provides a feed-
back of actual applied radial load force. Maximal working pressure of the system is

Fig. 2 Detail of sample bearing housing with guiding rods and connected hoses of lubrication
system in the front. Radially are attached wires of BeMoS® sensors (left). A tool for check of
misalignment attached to the front face of central shaft with stylus pointed to the bearing housing
(right)
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set to 100 bar that induces a force of magnitude 10 kN or 2 GPa of maximal Hertz
contact stress on inner race of tested bearing. Manual pump was preferred over other
considered option such as hydraulic power unit because it allows same functionality
with significantly less demands on control, equipment and power. The pump works
in closed hydraulic circuit with load cylinder. When pressurized, the check valve
holds the pressure and force, respectively. To depressurize the circuit and release
the applied load, the check valve is manually opened and the oil returns back to the
built-in reservoir in the manual pump.

Lubrication System Lubrication system is one of the most important parts of the
test rig. It allows control of lubricant’s temperature and a supplied oil flow rate. Test
rig is equipped by a closed-loop forced recirculation lubrication system, where oil
bath and membrane oil pump are main components. The capacity of bath is 10 L, and
it possesses of lubricant temperature control functionality up to 100 °Cwith precision
of 0.1 °C. A membrane pump allows accurate flow rate adjustment in range of 0.3–
1.3 L/min and can work with oil viscosities up to 140 cSt. Special attention was
paid to the return pipe sizing during design phase, to allow free flow of lubricant
from bearing housing back to the reservoir and prevent sample bearing over filling
by lubricant.

In Fig. 3, there is depicted a section of housing with tested bearing. Inlet fitting
was custom made with extended inside section (2), to ensure that lubricant flows
directly to the bearing. The outlet (3) was designed to allow free flow of lubricant up
to viscosity of 140 cSt. The chamber with sample bearing (1) is additionally equipped
with a barrier (4) that holds minimal lubricant level to keep consistent lubrication
state during the run.

Fig. 3 Detail view:
(1—tested bearing;
2—lubricant inlet;
3—lubricant outlet;
4—lubricant barrier;
5—groove for RDT)
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2.2 Bearing Sensors

Temperature Sensors Temperature is a very reliable indicator of bearing’s condi-
tion during operation. Test rig is equipped with sensors for monitoring both, the inner
ring and outer ring temperatures. SAW sensors attached directly to the outer ring of
sample bearing, described later in the text, are equipped with its own temperature
sensors, so it provides information about outer ring temperature. A dedicated RTD
sensor, type Pt100, integrated with the small groove under bearing seat as depicted in
Fig. 5, enables monitoring of inner ring temperature. The sensor is in 4-wire config-
uration connected per Fig. 6, allowing full compensation of resistances due to lead.
Wires are wired through a bore in the center of the shaft to the rear side of central
shaft, where they are connected to slip rings and later to DAQ (see also Fig. 4).

RTD integration procedure involved the isolation of RTD’s wires by a Pattex
Repair Epoxy to ensure their separation and isolation on the side of probe and also
to fix it in the place. It was followed by potting the sensor by high-temperature
cement OmegaBond 600 in the groove, to finally seal the groove and promote ther-
mal conduction from bearing to RTD. Repeated check of proper RTD connection
was performed by measuring an isolation resistance of RTD wires against ground
during the installation of sensor. After application of high-temperature cement, the
isolation resistance rapidly dropped to 20 k�. An investigation exhibited that the
cement was diluted by a small portion of water which evaporates during its solidi-
fication, but shortly after application, it caused the isolation resistance drop. When
the measurement was repeated after two days, the resistance was back, at allowable
value >50 M�. The cement was selected in this case, because after solidification it

Fig. 4 Slip rings and
brushes installed at rear side
of central shaft to transmit
signal from inner ring RTD
to DAQ system



Bearing Test Rig: Setting up and Lesson Learned 73

is a hard matter that allows even repetitive change of tested bearing without making
damage to it.

Lubrication State Sensors The test rig is equipped by pair of piezoelectric interdig-
ital transducers that are used to excite and receive surface acoustic waves (SAW)—a
Lambda waves or waves in transition regimes from a Lamb to Rayleigh [2]. Trans-
mission characteristics of the waves, the decay and a group propagation velocity,
possess of sensitivity to the presence of lubricant film in the race-element contact
and its stiffness, so it makes them a promising bearing lubrication state monitoring
method.

Sensors are the part of online lubrication monitoring system BeMoS®, produced
by a BestSens AG company, which beside sensors, contains a unit that controls the
excitation of SAW and runs the monitoring application, which performs online data
analysis. User can observe the data in real time by a web application that runs in a
control unit or can request their record to the flash drive.

The monitoring technology uses a high-frequency periodic excitation of SAW to
the outer ring of bearing by the transmitter, and it is reading by sensor placed offset
from emitter. There exist two basic modes of Lamb waves that could be excited by
the transducer—the antisymmetric A0 and symmetric S0 [3]. Since the thickness of
ring is of same magnitude as the wavelength, they interact with both surfaces during
propagation as depicted in Fig. 7. Any disturbance (e.g., pass of element, presence
of elastohydrodynamic lubrication (EHL) film or direct contact) on inner side of
outer ring influences the propagation on the other side and measured it could be
assigned with state of lubrication inside bearing. Connection example is viewed in
Fig. 8. The interaction of propagation wave causes, e.g., the leakage of a portion of
transmitted acoustic energy into lubricant, the transition of excited wave mode into
other—usually a higher one [2], partial wave reflection because of high stiffness of
contact [4], or change of group propagation velocity in the contact because of Lamb

Fig. 5 Integration of RTD
sensor in the central shaft
before potting
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Fig. 6 Connection of RTD sensor to the DAQ system through slip rings. Rlead is 0.25 �/m and slip
rings resistance Rslip is 0.5 �. Excitation current is 1 mA

Fig. 7 Lamb wave modes.
Antisymmetric mode-A0 and
symmetric mode S0. The
ellipses show a direction
material particles motion.
Modified from [3]

wave transition into other type [5]. The technology of SAW iswell known and already
widely explored and used for nondestructive testing (NDT), and the application in
area of tribology is on the other side quite new.

DAQData Acquisition system is based on NI hardware (I/O device NI PCI 6221M;
terminal block NI SCC-68 and modules: SCC-SG04 for strain gauge and SCC-
RTD01 for RTD). The application for data record and real-time visualization was
created in LabVIEW graphical programming environment. The app front panel dis-
plays following information: shaft speed and percentage of motor load that are
obtained from VFD; applied radial force and inner ring temperature. All data are
recorded with sampling frequency of 1 kHz, saved in text file for further detailed
analysis. To promote the speed of data processing, the DAQ system uses a direct
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Fig. 8 Application of
BeMoS® sensors to bearing.
1—transducer; 2—receiver;
3—propagating wave group.
With attenuation when
passed contact. Modified
from [2]

memory access (DMA) that bypasses the host PC CPU, when data are transferred
from first-in first-out (FIFO) buffer on DAQ device to host PC memory.

3 Lesson Learned

Whole process of test system development helped us to obtain valuable experience.
Some of them are shared in this section and could be applied in various fields.

3.1 Preparation and Design and Management

It turned out to be a good move to begin the test system design with initial modeling
phase of experiment that helped us drive decisions and sizing of experiment. Using
of mathematical models of bearing and a lubrication layer, a range of tested bearing
loads, its size and oil viscosities were balanced to enable simulation of wide range
of conditions at a reasonable cost. Components that were during design phase left to
be manufactured ad hoc caused during assembly majority of delays on the project
schedule. So the level of virtual model preparation is very close connected with
production time, not only in industrial environment but also in an agile laboratory
workshop conditions. Always obtain a quotation for manufacturing of components
frommultiple sources. Offersmay vary even by 100% and it is better having a backup
company.



76 J. Chmelar et al.

3.2 Assembly

It is more convenient to use adjustable connections when two or more components
shall be precisely aligned instead of relying on accurate manufacturing and tol-
erances. Use spacer shims if there is a need for compensation of manufacturing
inaccuracies. Establish a global datum plane on the device that are used not only for
manufacturing purpose, but could be referenced during assembly and operation for,
e.g., installing instruments. It really makes the life easier.

3.3 Sensors and Data Acquisition

Some bonding materials with isolation properties could contain conductive com-
pounds that evaporate during solidification. Count with it and do keep calm, if, e.g.,
isolation resistance is not as high as it should be right after application. Electrical
grounding of components is important. Always make sure that all components and
sensors are properly grounded, to avoid problems during measurement.

To accelerate work with data during analysis, split the recorded data into 10 min
intervals. It is easier to look up for specific events in the data when some logbook is
held side-by-side the recorded measurements with reference to recorded intervals.

4 Conclusion

A description and experience from the development and construction of universal
bearing test system were shared in this chapter. The test system will be used in
the research of bearing lubrication layer detection by means of surface acoustic
waves. Patented system is used for holding of tested bearing housing that enables
simultaneous independent static radial load and dynamic axial load application. Test
system is equipped by a forced recirculation lubrication system.DAQ system is based
on hardware from National Instruments. The experiment control is by app made in
LabVIEW environment.
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Reverse Engineering of the Gearbox Case

Lukáš Jančar, Jiří Začal and Zdeněk Folta

Abstract The article deals with the reverse engineering procedure of the differential
gear case from the racing BMW M6 for the GT3 series. The article contains a
procedure for repairing a gear case with damaged functional surfaces after a bearing
failure. During the drive, the bearing cage has probably been destroyed, causing the
rolling elements to loosen and spill into the gearbox. The first part of the article
deals with the creation of 3D data of damaged case and functional areas using 3D
scanning by a portable handy scanner. The second part describes how to create CAD
data for the machining of these surfaces and a description of the software used. In
the end, accuracy checks are shown by comparing the generated CAD data with
data obtained from 3D scanning. The article also outlines the repair procedure by
re-welding the damaged surfaces and obtaining the zero areas needed for subsequent
CNC machining.

Keywords Reverse engineering · 3D scanning · Gearbox case · Damage

1 Introduction

As part of the additive manufacturing and prototyping center ProtoLab [1], dealing
with 3D printing and 3D scanning, we have been approached with the requirement
to perform reverse engineering and design a follow-up repair of the gearbox for the
racing BMWM6 for GT3 series. During the driving through the vehicle, the bearing
cage has probably been destroyed, thereby releasing the rolling elements and spilling
them into the gearbox. As a result, parts of the case made of magnesium alloy were
damaged. Furthermore, due to bearing seizure, the functional surfaces for bearings
housing and their locking were damaged. Due to the high cost of the new cabinet,
the client decided to try to repair the damaged cabinet.

As a suitable repair method, 3D scanning of damaged areas including the sur-
rounding parts of the case and subsequent virtual reconstruction of the surface was
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chosen. This data was then used as input for CNC machining. Prior to this, the dam-
aged areas were TIG welded [2]. A comparison of the accuracy of the scanned data
with the CAD model was also performed.

2 Methods and Materials

2.1 The Case Preparation

The case was delivered in a disassembled state and without an oil filling. Before
working, the cabinet had to be thoroughly cleaned. The rest of seals, grease, and
other impurities have been removed. Subsequently, it was degreased with isopropyl
alcohol.

Thanks to the good optical properties of magnesium alloy (both machined sur-
faces and also non-machined with a matte black finish), the cabinet did not need to
be matted. The surface had a good reflection in the natural state, so there was no
absorption of the laser beams or the opposite phenomenon, that is, excessive reflec-
tion and blinding of the camera. Otherwise, the surface will be dimmedwith a special
anti-reflective spray that will provide optimum reflectivity for the scanner, but will
not change the external dimension of the part in a sensible way.

The scanned areas were then plastered with reference points (see Fig. 1). These
are adhesive sticks with reflective centering and a matte periphery that serves to
orient the scanner in space. It sticks at a distance of 20–100 mm apart, both on the
scanned object and on the underlay, and the scanner should “see” at least 3 of them
all the time.

2.2 3D Scanning

The 3D scan itself was made with the Creaform HandySCAN 700 contactless laser
scanner with a high accuracy of up to 0.03 mm [3]. Scanning was utilized in the
form of seven laser crosses, while the corners and holes were scanned using a single
laser line. The ideal shutter time setting for the camera was 4.13 ms. Due to the high
precision required of the resulting data, it was necessary to scan with the highest
possible resolution of the scanner, which is 0.05 mm. This results in work with large
volumes of data and the need for powerful hardware, but it is possible to precisely
scan sharp edges and corners without undesirable distortion, as shown in Fig. 2. The
resolution indicates the size of the sides of the triangles of the polygon network being
scanned.

The creation of the scan was performed in the VX elements software (see Fig. 3).
The program renders scanned data in real time and allows you to work with it when
scanning. In this way, the scanned space was clipped to work with less volume of
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Fig. 1 Gearbox case with damaged bearing housings. Prepared to be scanned

data, and alone points, noise, and gaps in the network were removed [4]. Due to the
need to scan only the parts of the case, the housing areas and their surroundings,
only one scan was needed, and the case did not need to be rotated and the scans later
composed into one image. The program also captures the areas beneath the reflective
targets so that it creates a continuous network where it is only necessary to guard
against the absence of cracks and large areas with missing points.

The output of the scan is the cloud of points, respectively, polygonal network in
STL format (see Fig. 4), which is further processed in the CAD program. In this case,
it was a network with almost 5.5 million elements, which was caused by scanning
in the highest possible quality.

2.3 Creating CAD Data

The STL network model created by scanning was further processed in Geomagic
Design X software. This software allows you to work effectively with polygon net-
works and use them as a reference. It is therefore possible to extract boundary curves,
cross sections, or single points from networks and use them for volume modeling.

In the program, the negative shape of cylindrical surfaces wasmodeled. As a basic
reference, a dividing plane between the gearbox and its cover was chosen. The plane
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Fig. 2 Effect of the resolution setting

was extracted from the scan data using a program, ensuring that the plane is touching
as many elements as possible from the upper surfaces. The second reference was the
axis. This must lie in the dividing plane and be at the same time the axis of rotation
of all cylindrical surfaces. It was obtained by two cross sections perpendicular to
the dividing plane and made at the bearing place. In the cross section, the boundary
curve of the network was always extracted and was replaced by a circle whose center
lay on the perpendicular projection of the dividing plane into the plane of the cut [5].
The reference planes and vectors are shown in Fig. 5.

The second reference plane perpendicular to the dividing plane was then inter-
sected by the axis obtained.With it, a cross section was performed through polygonal
network again. The curves obtained were converted to a polygon formed bymutually
perpendicular segments, and the polygon was rotated around the reference axis. The
result of this rotation was the negative shape of the machined cylindrical surfaces.
Some important dimensions (those for bearings and shaft seals) were then adjusted
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Fig. 3 Gearbox case being scanned in VX elements software

Fig. 4 Final STL model of the gearbox case, obtained by 3D scanning
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Fig. 5 Reference planes and vectors

to the exact size according to the mounted bearing and its known mounting dimen-
sions. Specifically, they were diameters� 130 mm for bearings (first ball and second
roller) and diameters �120 mm for shaft seals.

The rotational volume thus created was then subtracted from the simplified box
representing the rest of the case. The resultingmodel is in Fig. 6. Only rotary recesses
will be machined.

2.4 Accuracy Checking

After finishing the model, a final accuracy check was performed. Geomagic Control
X program was used for it. The program is able to compare the deviations of the
CAD model compared to the scanned network (see Fig. 7). The maximum deviation
of the created model was set to±0.1 mm. After program control, it was found that all
areas surveyed were within this range. The deviations of the machined surfaces that
were examined are then within ±0.05 mm. The model was found to be sufficiently
accurate and suitable as a data input for the machining center.

Based on the knowledge of used bearings, locking rings, and shaft seals, tolerances
of machined diameters have been modified. Specifically, the diameter �130G7 for
bearings and slot width variations according to the manufacturer’s specifications.
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Fig. 6 Final CAD model as input for CNC machining

Fig. 7 Accuracy control of the CAD data
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Fig. 8 Damaged bearing housing and its surrounding

2.5 Repair Procedure

The damaged areas of the gearbox were first welded by the gas tungsten arc welding
method (GTAW) (also known as the TIG method) in a welding specialist workshop
(see Fig. 8). The cabinet thus prepared has been machined to the desired shape and
surface quality using a 5-axis CNC machining center.

Reference zero values were detected and established using a touch probe. As
zero X-coordinate, one of the undamaged sidewalls of the bearing housing was
determined. As a zero Y-coordinate, a dividing plane between the cabinet itself and
its cover was used. As a zero Z-coordinate, a plane perpendicular to the Y plane and
simultaneously passing through the axis of rotation of the cylindrical surfaces (this
axis was detected by touch probe at 3, respectively 6 different points of the rotating
cylindrical surfaces) was chosen.

The clamped cabinet with the set reference values was then machined to the
desired shape according to the pre-created CAD data.

3 Results

The reconstruction of damaged gearbox surfaces has been carried out as described
above. These areas were then professionally welded and processed on the basis
of the created CAD data to its original shape. The successfully repaired case was
re-mounted to the vehicle and continued to be used in races.



Reverse Engineering of the Gearbox Case 87

4 Discussion

Thanks to the use of high-precision 3D scanning, it was possible to obtain good
documentation for repairing the gearbox even without knowing the original manu-
facturing documentation. High-quality scanning has been key to getting input data
with the necessary accuracy. The data thus created could be used for surface manu-
facturing thanks to the use of a modern CNC machining center with high precision
and accuracy. Thanks to 3D scanning, it was also possible to precisely specify zero
planes for the machining center.

5 Conclusions

The article describes the reverse engineering of the racing differential gearbox case
for the BMW M6 for the GT3 series. The article contains a procedure for obtaining
a geometry of a case with damaged functional surfaces after a bearing failure, a
procedure for the reconstruction of surfaces, and a way of repairing the case.

The main contribution of the article is the practical verification of the function-
ality of such a repair method and the identification of the ideal reverse engineering
procedure as such. Precisely performed 3D scanning has been found to be a good
way to obtain accurate input for CAD data creation and also allows you to compare
the accuracy of this data with the scan data. During the virtual reconstruction of
surfaces, it has been created a reliable and repeatable way to convert scanned data
into an editable CAD model.

The repair method described in the article is functional and feasible using modern
scanning and machining technologies. The repaired cabinet has been refitted to the
vehicle and is further used.
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Optimization of Driving Comfort of Golf
Cart

Radka Jírová, Lubomír Pešík and Roman Svoboda

Abstract The paper is focused on the minimization of vibration transmitted from
electric golf cartwheels to seat and seated person. This vibration appears during
golf cart driving on uneven terrain of the golf court. The paper also focuses on
improving the driving comfort of transported persons on an electric golf cart. This
problem can be solved according to (Svoboda et al. in Bag Development s.r.o. Gol-
fový vozík s bateriovým elektrickým pohonem a sedákem [1]) using the elastic and
damping link between cart frame and seat tightly connected to battery of electric
power. The designed solution of an additional vibration isolation device comes from
measurement in real conditions of kinematic values of the vibration on seat and
from experimental laboratory measurement of dynamic parameters of the system.
Based on acquired data, themathematicalmodel of the systemwasmade and dynamic
parameters were optimized. This mathematical model of designed solution describes
golf cart as system of masses connected with elastic and damping links. The result
of mathematical description of designed solution is the reference step response of
golf cart seat.

Keywords Golf cart seat ·Minimization of vibration · Suspension seat

1 Introduction

Suspension seats are used in a wide range of vehicles, especially for the purpose of
protecting person’s health exposed to whole-body vibration during travel and also
for comfortability increase. Driving on uneven terrain of golf court leads to high-
intensity vibration of wheels which is transmitted to frame, seat, and seated person.
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Conventional battery-powered electric golf carts do not have suspension seats, for
the purpose of transmitted vibration reduction to seat and seated person the elastic
and damping link between chassis and frame of golf cart is being used. These links
reduce transmission of vibration only partially, so the drive in golf cart can get
uncomfortable.

2 Minimization of Transmitted Vibration

The principle of minimization of vibration transmitted from golf cartwheels to the
seat and seated person is subject to patent application. Vibration transmission can
be minimized according to [1] by using elastic and dumping link placed between
golf cart frame and seat tightly connected to battery of electric power. Battery of
electric power tightly connected to seat increases inertial effect ofmass, which allows
reducing vibration on the seat (Fig. 1).

According to [1], vibration can be effectively minimized by using elastic and
dumping link placed between golf cart frame and batteries of electric power and
between batteries of electric power and seat. Connecting battery of electric power
to the seat using elastic and dumping link allows effective adjustment considering
vibration minimization (Fig. 2).

In both cases, it is possible to add guiding mechanism to elastic and dumping link,
which contains a linear guiding for inertia mass of battery of electric power and a

Fig. 1 First principle of
minimization of vibration

Fig. 2 Second principle of
minimization of vibration
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seat or for battery of electric power only. This guiding mechanism releases friction
that can be conveniently used for dumping oscillating movement of seat and battery.

3 Design of Suspension Seat

Vibration transmission is minimized using elastic and dumping link placed between
golf cart frame and seat tightly connected with battery of electric power. To these
links, a guiding mechanism is added, which ensures desired movement of the seat
against the frame and simultaneously allows optimal transformation of elastic and
dumping link [2].

The design solution is displayed in Figs. 3 and 4.
The design solution preferably has two pneumatic springs that are connected to

the golf cart seat and the electric drive batteries by a lever mechanism [3]. The
lever mechanism is attached to the golf cart with the spherical roller bearings and
allows the seat lift to be±4 cm. A compressor is used to regulate the pressure in the
pneumatic springs to allow for optimal pressure adjustment and hence the stiffness
of the pneumatic spring for a driver’s given weight and possibly the coach of the golf

Fig. 3 Design of suspension seat—back view
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Fig. 4 Design of suspension seat—front view

cart. The compressor controls are located under the electric golf cart drive controls
[4]. The pneumatic springs are supplementedwith additional volume to achieve lower
intrinsic frequency of the system and thus more efficient vibration isolation.

Batteries of electric power are in designed construction led linearly using linear
guiding mechanism that releases friction usable for dumping oscillating movement
of seat and battery. For linear guiding and dumping the movement of battery of
electric power tightly connected to the frame, the original plastic design of golf
cart is conveniently used. Original structural elements of golf cart are also used for
connection of battery of electric power to the seat.

Batteries of electric power are connected to the lever mechanism using two
rotational links.

3.1 Transformation of Pneumatic Spring Stiffness

Transformation of pneumatic spring stiffness is used for optimal adjustment of vibra-
tion isolation system. It is based on using mechanical transfer. Mechanical transfer
transforms spring stiffness with transfer quadrate coefficient. Inference of stiffness
transformation is evident from Fig. 5.

Equilibrium moment of lever mechanism is

FSl = Fkb (1)
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Fig. 5 Transformation of
pneumatic spring stiffness

where FS is force from batteries of electric power, seat, and seated person; Fk force
from pneumatic spring; l lever length of lever mechanism; and b lever high of lever
mechanism.

Lever deformation ration and length lever ratio are equal

�l

�b
= l

b
(2)

and stiffness kS at location of loading force FS is

kS = FS

�l
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l

b

l�b
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�b

(
b

l

)2

= ki2 (3)

where k is pneumatic spring stiffness and i transfer coefficient.

4 Effects of Vibration on Comfort

Evaluation of effect of vibration on comfort of seated person during the golf cart
drive was made in accordance with [5]. Result of evaluation of effect of vibration
is frequency-weighted r.m.s. acceleration of measured acceleration as a function of
time during the golf cart drive and comparison this acceleration value with table in
[5]. Frequency-weighted r.m.s. acceleration for the one-third octave band is shown
in Fig. 6.

Comparison of frequency-weighted r.m.s. acceleration values of original state and
new design solution shows that, due to the suspension of seat tightly connected to
battery of electric power, frequency-weighted r.m.s. acceleration decreased almost
by 57%.

5 Conclusion

The paper deals with current issue of vibration isolation of golf cart seat. The solu-
tion uses invention idea of increase inertia of tightly connected mass to seat. This
allows significantly to reduce vibration transmitted from golf cartwheels to driver
and passenger.
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Fig. 6 Frequency-weighted r.m.s. acceleration for the one-third octave band

Solution described in the article can be used in mobile appliances and vehicles in
cases when its construction allows connecting the seat to another object that has a
large weight (e.g., batteries, pumps, drive units).
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Creation of a Computational 2D Model
of Harmonic Gearbox

Maroš Majchrák, Róbert Kohár, Michal Lukáč and Rudolf Skyba

Abstract A harmonic drive gear is, in fact, a differential gear with front-wheel
drive in which the gear is achieved by elastic deformation of the flexible spline.
The spline harmonic drive gear is typical for its unique structure called “strain cam
wave generator”. The principle of functioning of these gear systems is based on
the mechanism of rotationally elliptical deformation of the flexible spline using the
elliptical wave generator and subsequent tooth generating. When dealing with these
types of gear systems, we come across the term “backslash”, which is a surplus
clearance between the generating teeth. When designing a harmonic drive gear for
robots, it is important that the backslash is as low as possible. This chapter focuses
on the preparation of the finite element model of a harmonic drive gear. It provides
readers with a complete overview of the functions of these special, really precise
and stiff gear systems and their properties. Harmonic drive gearing systems have
been widely used in the area of precise control. Precise reduction and positioning
have been mainly used in robotics. Its high rate of precision and weight has been
used in the aviation industry. The system is also used in the engineering industry for
transmission of high torque, conveyor and turbine drives and in many other machine
applications.

Keywords Harmonic gearbox · Strain cam wave generator · Elastic deformation ·
Backslash

1 Introduction to Creating a Computational 2D Model

1.1 Introduction to the Topic

A harmonic drive gear is composed of three main parts (see Fig. 1). While gener-
ating the harmonic drive gear, flexible deformation of three reaction components
occurs. After having been pressed into the gearbox bearing, wave generator deforms
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University of Žilina, Univerzitná 8215/1, 01026 Žilina, Slovak Republic
e-mail: Maros.Majchrak@fstroj.uniza.sk

© Springer Nature Switzerland AG 2020
Š. Medvecký et al. (eds.), Current Methods of Construction Design, Lecture Notes
in Mechanical Engineering, https://doi.org/10.1007/978-3-030-33146-7_11

95

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-33146-7_11&domain=pdf
mailto:Maros.Majchrak@fstroj.uniza.sk
https://doi.org/10.1007/978-3-030-33146-7_11


96 M. Majchrák et al.

Fig. 1 Main members of the harmonic drive gear [1]

Fig. 2 Procedure of creating a computational 2D model

an internal rolling-element bearing with its elliptical shape. Through the balls, the
flexible deformation is transferred through these components to the external bearing
ring, deforming a flexible spline [1].

When the wave generator rotates, a complex movement occurs, a flexible spline
in the circular spline, generating the basic movement of the harmonic drive gear [2].

This task is very difficult to solve from the analytic point of view; therefore, this
article is centred on creating a computational finite element 2D model of a harmonic
drive gear. Before creating the computational model, it is necessary to perform a
detailed analysis of the geometry aswell asmaterial properties of individual harmonic
gear components. Several action members are deformed simultaneously. The 2D
model was created in a non-deformed shape. The procedure for creating the model
is shown in Fig. 2.

2 The Description of Creating a Computational 2D Model

2.1 Analysing the Shape Parts of Individual Harmonic Gears

The analysis of the geometry shapes of individual harmonic gear parts was performed
in MATLAB. Several wave generator shapes were generated based on the equation
of the classical ellipse and the special equation of the ellipse with two coefficients
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Fig. 3 Geometry shapes of the wave generator and the circular spline in MATLAB

A and B that describe the elliptical shape. In MATLAB, there were also respective
shapes of teeth generated for cycloidal tooth profile of a flexible spline and a circular
spline, for 200 and 202 teeth (see Fig. 3), and wave generator shapes. The geometry
was saved individually in a set of points with x and y coordinates in the TXT format.
The geometry and the shape of the flexible rolling bearing are indicated by the
manufacturer in their catalogue [2, 3].

2.2 Creating a 2D Model for the Structural Analysis in Creo
4.0

For future analyses, a 3D model of a harmonic drive gear was created. As the defor-
mation of the individual drive gear elements is too complex, the elements were also
modelled in a non-deformed shape. The geometry of the tooth shapes was imported
from MATLAB. The 3D and 2D models of the harmonic gear are shown in Fig. 4.
The curves were then imported into the MSC Apex pre-processor, where the FEM
network was created.

2.3 Creation of a Finite Element Network Model in MSC
Apex Grizzly

After having loaded the geometry into theMSCApex pre-processor, the body geom-
etry was modified to make it possible to generate a mapped network with a sufficient
element size. In Fig. 5, there are individual bodies decomposed to smaller units. The
components of a circular spline, wave generator, the external and internal bearing
ring were decomposed to four equal parts due to a better 2D network shape of the
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Fig. 4 Creating 2D and 3D model in Creo 4.0

Fig. 5 Decomposition of the bodies and the 2D network

finite elements. The balls were divided inside by a square with the same number
of nodes on each edge to reach a better result under the surface. These components
were networked by a quadrilateral surface mesh with an element of 1 mm and teeth
of 0.1 mm [4].

In Fig. 6, there is a detail of the 2D network. A total number of the elements
are 117,850; a total number of the nodes are 130,115. The model was subsequently
exported in BDF format.
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Fig. 6 A detailed image of the 2D network

2.4 Creation of a Computational Model in MSC Marc 2012

The 2D network model of the finite elements was imported to MSC Marc Mentat
2017.1. First, it was necessary to allocate material properties to each node of the
2D network of finite elements and to identify harmonic gear components as a plane
stress role (see Fig. 7).

Fig. 7 Defining the components of a harmonic drive gear
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Fig. 8 Defining contacts

The analysis of the harmonic drive gear is composed of two basic parts:

• At the first stage, the internal bearing ring was pressed to the wave generator,
ensuring a flexible deformation of the flexible spline, as well as providing the gear
of the teeth.

• At the second stage, load torqueMk= 10Nmwas activated on the wave generator;
at the same time, a 720° turn of the wave generator was defined. The drive gear
was firmly fixed around the circumference of the circular spline.

There were three contact plates defined for respective contact states (see Fig. 8).
In the pictures, there are “glue” and “touching” contacts between the components
[5].

2.5 Post-processing of the Results

This chapter describes the results of the FEM analysis of a harmonic drive gear.
Figure 9 shows von Mises stress. The maximum value of von Mises stress was
created at the point of the external bearing ring touching the ball; its value was
1460 MPa. The stress value within the teeth varied between 450 and 750 MPa.

Figure 10 shows an overall stress state according to von Mises in the entire
harmonic gear.
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Fig. 9 Von Mises stress in touch points

3 Conclusion

The simulation of the 2Dmodel of the harmonic drive gearwas performed in 2Dplane
stress. Due to contact dependencies, the force is rather small. Then, after switching
the contact state to generating with friction, the force settled at about F = 65 N.
This is a force needed for deforming the flexible components; overcoming rolling
resistance and rolling friction when gearing the drive gear (see Fig. 11). When this
gearbox is rolling, then vibrations arise and this is closely related to the dead centre
of these transmissions [6, 7].

The objective of this chapter was to create a functional FEMmodel of a harmonic
gear, which then served for performing the stress analysis. It is to become a base
for other analyses to examine the influence of the teeth shape on the backslash of
the gear and kinematic error [8], which is the main criterion for using these gears in
precise applications.
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Fig. 10 Von Mises stress—entire harmonic gear

Fig. 11 Course of reaction force F in relation to time t
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7. Kučera Ľ, Gajdošík T (2014) The vibrodiagnostics of gear. In: Ševčík L, Lepšík P, Petru M,
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Trend of Increasing Dynamicity
in the Design of Flood Protection Systems

Ivan Mašín

Abstract Current innovation and mechanical engineering use, among other things,
so-called trends of evolution of engineering systems (TESE). They describe natural
transitions of the engineering system from one state to another and are generally valid
for all engineering disciplines. In the area of flood protection systems innovation,
one of the most significant trends is the trend of increasing dynamicity. This trend
lies in the fact that during the development of the engineering system (components),
the flexibility, dynamism, or adaptability increase. The development of engineering
systems in the direction of this trend proceeds from an initial rigid structure with
unchanging parameters to a more flexible and variable structure with more degrees
of freedom, with adjustable parameters and a working mode adapted to changes in
the external environment. The article deals with the fulfillment of this trend in the
field of flood protection systems or flood barriers and presents examples from patent
documents.

Keywords Design · Trend · Flood protection

1 Trends of Engineering Systems Evolution

Standard products or technology forecasting is a process that is based on the use of
appropriate techniques and methods [1–4]. Data input for these methods is usually a
subjective feeling and intuition, which of these methods makes a real mix of science
and art. The output of these methods is the identification of the directions to be fol-
lowed by the concept and design of the innovated product. It is clear that the methods
of technology forecasting should more include objective rules of the development of
technical systems.

Because different technical systems overcome the “same types” of problems,
their general development over time is “typical”. These typical trends of engineering
systems evolution have been identified on the basis of a broad analysis of patent
databases and historical trends in technology development [5–7]. Trends occupy a
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special place in the innovation science and engineering field, as they offer a view of
the technical system from a variety of time perspectives—from the past, through the
present to the far future. They have a great potential for problem-solving because
they describe what happened in the past to successful technology and because they
are leading the developer to what is likely to happen in the future for these technical
systems. Trends are of a statistical nature and cannot be understood as being filled
in the last letter.

Formally, trends or patterns of engineering systems evolution are systemized
guides and a description of the “winning” transitions from one development phase
to the next that allowed the technical solutions to occupy and maintain a leading
position in the market. Knowledge of trends and patterns can also be used in the so-
called evolutionary analysis, which aims to obtain information on general directions
for the improvement of an innovative object or to formulate the correct tasks for the
transition from one development phase to the other in the direction of the subline of
evolution.

According to Lyubomirskiy and Litvin [6], trends of engineering systems evo-
lution are eleven and together they form a hierarchical system. From the two main
trends (the S-curve development and the trend of increasing ideality) are derived the
other trends, respectively one trend may be the implementation of another trend (see
Fig. 1).

Fig. 1 Hierarchical system of trends of engineering systems evolution. Adapted from [6]
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Fig. 2 Trend of increasing dynamicity of engineering system (monolithic—one hinge—several
hinges—flexible—liquid—gas—field)

2 Trend of Increasing Dynamicity

Technical systems and their design evolve to become more flexible with greater
degree of freedom. The trend of increasing dynamicity lies in the fact that during
the development of the engineering system (components), the flexibility, mobil-
ity, variability, or adaptability increase. The development of engineering systems in
the direction of this trend proceeds from an initial rigid structure with unchanging
parameters to a more flexible and variable structure with more degrees of freedom,
with adjustable parameters, and a working mode adapted to changes in the external
environment. For example, engineering system that has rigid components is poorly
adapted to operating conditions. For this reason, the evolution of rigid components
becomes more flexible and dynamic. First, a single joint, then multiple joints, is
inserted into the solid monolith. Moving from joints to flexible fabrics, the system
gains flexibility and adaptability. Fluids or gases are even more adaptable. Finally,
the system is converted to some of the physical fields that have the best controllability
(see Fig. 2).

In general, increasing dynamicity lies in change of character of links among
system components and change of components parameters. Increased dynamicity
makes an engineering system adaptable to changes in operation conditions. To follow
this trend, designers have to go through this way:

1. to design a monolithic system that is movable in one direction;
2. to increase the degrees of freedom of components;
3. to design flexible joints or hinges;
4. to design liquid-, gas-, or field-based components or hinges.

3 Following Trend of Increasing Dynamicity in the Flood
Protection Systems Design

It is advisable to increase the dynamics of both individual components and entire sys-
tems when designing flood protection systems. Evidence that this trend of evolution
of technical systems has been fulfilled over time can be demonstrated by exam-
ples shown in Figs. 3 and 4. As examples, mobile flood protection systems without
substructure and flood protection panels for openings were selected.

Figures 3 and 4 illustrate the trend in increasing the dynamics of flood protection
systems, which has been boosted especially since the first decade of this century,
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Fig. 3 Increasing the dynamicity of mobile flood protection systems without substructure

Fig. 4 Increasing the dynamicity of flood protection panels for openings
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Fig. 5 Flood protection barrier in the form of high-density bale from tree leave material [8]

when climate change and related flood events began to emerge. It is clear that flood
systems are still developing to the level of flexibility provided by increasing degrees
of freedom by means of joints or inflatable structures.

The transition to the phase when “stop-water” function is partly performed by
liquid is illustrated in Fig. 5, which shows an extraordinary technical solution using
biological material. High-density bales for forming a flood barrier are made by the
compaction of tree leave material. The bales are made substantially from tree leave
material that retains at least a portionof the vein structure. Thevein structure improves
the structural integrity of the bale and produces a micro-barriers in capillaries.

It can be seen from Figs. 3 and 4 that, along with the trend of increasing dynamics,
the increasing degree of trimming is also met in the case of flood protection systems
design.This trend is that the number of components decreases during thedevelopment
and innovation of the technical systems without compromising the functionality of
the system (Fig. 6).

Maintaining functionality is ensured by following three trimming rules focused
on redistributing useful functions of eliminated components to the remaining
components or by transferring these useful functions to super-system elements:

Fig. 6 Trimming implies removal of one or more components from original design of technical
system (a original technical system, b technical system after trimming)



110 I. Mašín

• trimming rule No. 1: Function carrier (subject) can be trimmed if we remove the
object of its useful function;

• trimming rule No. 2: Function carrier (subject) can be trimmed if the object of
function performs the useful function itself;

• trimming rule No. 3: Function carrier (subject) can be trimmed if another
component performs its useful function.

Examples of engineering systems evolution in the direction of other trends are
shown in [9].

4 Conclusion

Trends or patterns of engineering systems evolution are systemized guides and a
description of the “winning” transitions from one development phase to the next
that allowed the technical solutions to occupy and maintain a leading position in
the market. Trends of engineering system evolution (TESE) can be a powerful tool
for engineering system innovation and forecasting. The goal of TESE is to provide
objective and analytical tools for problem identification of engineering systems, to
assist in forecasting the future evolution of flood protection system, and to recom-
mend solutions for innovation of engineering systems based on their evolutionary
stage. Applying evolutionary analysis to the engineering systems guarantees a supply
of novel ideas, trimming recommendations, and conceptual directions.

In conclusion, it is necessary to draw attention to other important trends, which
also significantly influence the technical and design solution of the flood protection
systems. One of the strongest and most frequently applied trends is the trend of
transition to the super system. This trend reflects the fact that in the course of its
evolution, the systems exhaust their internal resources and subsequently the origi-
nal system integrates with other (even alternative or competing) systems and con-
tinues its development in the so-called super system (freely understood the super
system as a “surround” of the system—for example, pavement or canalization). The
trend of increasing coordination is reflected in the evolution of technical systems by
gradually coordinating the “behavior” of the system components and consequently
coordinating the “behavior” of the super system.
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The Gearing Temperature Shock
Oscillation

Martin Mazač and Miroslav Malý

Abstract The article describes the temperature oscillation caused by shockmechan-
ical parameters changing. The special effort on the heating curve parameters is put.
The shock changes of the mechanical parameters (change of floating power) cause
the extremely fast temperatures changes ongoing on the teeth flanks. The gear oil
can be damaged during these processes. The lubrication parameters are changing
and mechanical failures can be caused too. The automobile MQ100 gearbox for the
measurements was used. The unique equipment for the temperature measurement
was applied. The special stand for the operation of the gearbox was used. The gear-
box operation condition was similar as in passenger car operation, without other heat
sources (as a combustion engine) only. This short article describes the automobile
gearbox final drive pinion teeth temperature measurements during the shock power
float parameters changing. The aim of the article is a description of the tooth heating
curve parameters. The goal is the maximal temperature gradient computing.

Keywords Gearing · Temperature · Power oscillation

1 Introduction

The mechanical transformation of energy by gears is one of the most widely used
methods of the power parameters changing. The gearbox and gears design are special
multidisciplinary process. The right function of gearbox and gears by the many
physical parameters is depended. The parameters are usually interdependent. For the
right gear function, the optimal operational parameters are necessary. The operational
temperature is one of the main parameters and affects the parameters and lifetime of
a gear.
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1.1 Final Drive Pinion Temperature Measurements

The part of the power flow is dissipated to other energy kinds (heath, chemical
processes, electric … [1]). Most of the dissipated energy by the friction processes
to the heath is transformed. The health increases the temperature of the parts. The
temperature can be extremely high locally and the damages can be caused. The
temperature measurement can be a source of very useful information for the gearbox
and gears design.

The most of energy by the tooth flank friction is dissipated; tooth flank is the
most important place of the heat generation. The tooth flanks friction coefficient f
is very difficult to specify exactly. The part of heat by the tooth mass, wheel, and
shaft is conducted. The other part of heat by the air and oil to the gearbox case is
transferred. The heat during the all rotation direction is generated (left or right tooth
flank “sliding” still). The temperature inside of the tooth mass can reflect the tooth
surface temperature.

The next research on the manually shifted gearbox final drive pinion was aimed.
The final drive gear as a heat generation and strength loading critical place was
chosen.

2 Measurements and Results

The MQ100 manual shifted gearbox produced by Skoda Auto a. s. for the measure-
ment was chosen. TheMQ100 is a typical two-shaft gearbox for little cars as a Skoda
Citigo. The MQ100 contains five gears with reverse. The MQ100 in [2] is described
deeply.

The gearbox on a special stand for loading was mounted. The loading by the
combustion engine and the electric dynamometer was realized. The stand describes
for example [2] deeply.

The final drive pinion tooth body as a temperaturemeasurement placewas chosen.
The temperatures were measured inside of the teeth by the miniature thermistor
(NTC 2K7MCD1—telemeter electronic). The measurement place was in the half of
the wheel wide on the pitch circle diameter. The temperature measurement place in
Fig. 1 is depicted. Thewheel modification and thermal sensors mounting describe for
example [2]. The special equipment for the temperaturemeasurementwas developed.

The temperature inside of teeth by the equipment can be measured. The temper-
ature values to the static parts of equipment by the infrared radiation are transferred.
The equipment in the [3] is described.

All the assembly of the stand with the temperature measurement system in Fig. 2
is depicted.

The pinion tooth temperature during the first gear/input 3000 RPM operation was
observed. The output shaft load was 1011 N m (75% of the maximal output torque,
maximal input torque is 95 N m, ic = 14.18).
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Fig. 1 The measurement place

Fig. 2 The stand for the temperature measurement
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2.1 The Heating Curves and Their Parameters

The heating curves are described by the standardized equations. The main param-
eters are defined. The temperature differences by the exponential function (1) are
described. The cooling with the Eq. (2) is possible to describe.

�ϑ = �max ·
(
1 − e− t

τ

)
(1)

�ϑ = �max · e− t
τ (2)

The parameters τ heating (cooling) time parameter are main the most important
for the heating (cooling) processes. The τ parameters from the temperatures are to
calculate. The (t) parameter signify the time when the temperature arise to 63.2% of
the maximal temperature. The heating (cooling) process after the time t = 3 · τ is
finished.

2.2 Real Measured Heating Curves

The heating curves of final drive pinion teeth were measured during many different
power levels and operational conditions. The measured heating curves can be inter-
polated by ideal heating curve function. Our experiment on the performance during
first gear, input 3000 RPM, output shaft load 1011 Nm (75% of the maximal output
torque) was aimed. The measured heating curve in Fig. 3 is depicted. The temper-
ature measurements in other places of the tooth were realized; all the temperature
curves are similar to some displacement. The temperature curves measured in other
places of the tooth verifying the realized measurements.

The τ parameter is possible to compute from the heating curve. All input
parameters and the steps of τ computing are in easy Eqs. (3), (4) and (5).

ϑmin = 46 ◦C; ϑmax = 56 ◦C;⇒ �ϑ = 10 ◦C (3)

ϑτ = 63.2 · �ϑ

100
+ τmin (4)

ϑτ = 52.32 ◦C ⇒ τ = 335 s = 5min 35 s (5)

The first part of heating process will be approximated by a linear function (6).

y = kx + q (6)
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Fig. 3 Heating (cooling) process

The parameter k of linear function can be used for the heating rapidity demon-
stration. The maximal k slope of a linear function can be defined as a dϑ

dτ or �ϑ
�τ

. The
k parameter of the measured and approximated heating curve is 0.03.

The massive power parameters oscillation during the measurement has occurred.
The temperature depends closely on the mechanical power parameters. The power
oscillation caused fast temperature differences, which are on the graph, depict clearly.
A similar process for the kparameter computing for the temperature oscillation curves
was applied. All the temperature oscillation process to the five shorter parts was split.
These five parts show three heating and two cooling processes. These short parts were
approximated by the linear function and the k parameter was determined.

In Fig. 4, the graph of the temperature oscillation with the approximation is
presented. The linear equation parameters are there too.

2.3 The Temperature Oscillation Parameters Comparison

The k parameter is the main parameter, which is possible to compare. All the k
parameters are in Table 1.

The stable and the first heating k parameter are possible to compare, the beginning
of the heating process is the same. The k parameter during the oscillating power flow
heating (0.094) is more than three times higher than during stable power flow param-
eters (0.03). The k parameter of the first heating process during oscillation (oscilla-
tion_1) with the heating (oscillation_2 and oscillation_3) is possible; the parameters
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Fig. 4 Heating (cooling) process—temperature oscillation

Table 1 The k parameter
summary table

Power flow Kind of heat transfer k parameter

stable Heating 0.03

oscillation_1 Heating 0.094

oscillation_2 Heating 0.08

oscillation_3 Heating 0.086

oscillation_4 Cooling −0.15

oscillation_5 Cooling −0.167

are similar (0.94; 0.08; 0.086). The parameters of cooling during “oscillation_4 and
5” are similar too (−0.15; −0.167).

3 Conclusion and Discussion

This short article deals with temperature measurement realized inside of the final
drive pinion tooth. All of the shown temperature data were measured during the
mostly real operation of the gearbox. The easy mathematical operation for the
temperature curves approximation was used.

The parameters of the approximated curves are included. Themain k parameters in
the table were summarized. The k parameter during oscillating power flow operation
is more than three times higher than during stable power flow performance. The
nonstationary power flow is absolutely common during the real operation of a car.
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The heat is generated during both the performance of gearbox—forward, backward,
drive, braking with engine use.

The oscillation process causes are not known but it may be caused by drive parts
rigidity, inertia, or backlashes. The power flowdirection can be one of the temperature
oscillation causes too. The discussion about this topic can be large and the next
research will be necessary.
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The Device for Measuring the Stiffness
of the Bearings

Václav Mosler, Jan Pavlík, Jiří Havlík and Ivo Křístek

Abstract This article deals with the design of the equipment for bearing stiffness
determination of the shaft. The other part of the thesis is concerned with an exper-
iment of the equipment. The knowledge of the bearing stiffness is important for
finite element analysis (FEA) to help determine the correct type and size of the gear
modification in the car gearbox. At present, this stiffness is not included in FEA soft-
ware. The stiffness of the bearings is investigated statically and dynamically with
rotational shaft. This is one of the requirements on the device. The first part of the
article is focused on the design of the device for the bearing stiffness determination.
The second part elaborates on the measurement methodology and the evaluation of
the result from the measurements. The result of the measurement is not the rigidity
of the bearings, but the displacement of the shafts and the tilting of the inner ring. In
order to determine the bearing stiffness of these results, it is necessary to know the
theoretical displacement of the shaft point in which it is measured. Shaft bearings
are replaced with ideal joints. This substitution is done in FEM calculation of the
shaft. The final stiffness is determined from the measured data.

Keywords Taper roller bearings · Stiffness · FEM · Modification

1 Introduction

During development of modern vehicle gearbox (see Fig. 1), there is an emphasis on
low noise and requisite durability. The main causes of this noise are the operating
deviations of the gearing (deformations of shafts, gears, gearbox, bearing, etc.) [1,
2]. These deviations can be reduced with correct modifications [3, 4]. The sizes of the
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Technical University of Ostrava, 17. Listopadu 15/2172, 70833 Ostrava, Poruba, Czech Republic
e-mail: vaclav.mosler@vsb.cz

J. Pavlík
e-mail: jan.pavlik.st@vsb.cz

J. Havlík
e-mail: jiri.havlik@vsb.cz

© Springer Nature Switzerland AG 2020
Š. Medvecký et al. (eds.), Current Methods of Construction Design, Lecture Notes
in Mechanical Engineering, https://doi.org/10.1007/978-3-030-33146-7_14

121

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-33146-7_14&domain=pdf
mailto:vaclav.mosler@vsb.cz
mailto:jan.pavlik.st@vsb.cz
mailto:jiri.havlik@vsb.cz
https://doi.org/10.1007/978-3-030-33146-7_14


122 V. Mosler et al.

Fig. 1 Modern vehicle
gearbox [4]

modifications are determined by the experiment on the actual gearbox. These proce-
dures are very accurate but it takes a lot of time. After any modification on gearbox,
experiment must be repeated. This increases costs and prolongs development time
of new gearbox. An alternative method is a determination of modification with FEM
method [5, 6]. This method is less accurate than experimental measurements on the
gearbox. This inaccuracy causes especially parts with nonlinear properties and clear-
ance between individual parts of the gearbox, because FEM programs are not able
to count with this. Set the stiffness directly is only one way how to do it. Our goal
is to explore the behavior of individual nonlinear parts and parts with the clearance
on the experimental stages. The obtained results will be applied in fem analysis; it
should cause approximation results of FEM analysis and real deformations on the
gearbox.

2 Methods and Materials

The requirements of the device:

• Measure the shaft and bearing movements in two perpendicular radial directions.
• Measure the axial displacements of the inner bearing rings.
• Allow various prestressing forces of bearings to be introduced.
• Simulated bearing loads by different gear forces.
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2.1 The Beginning of the Tooth Mesh

The stiffness is the ratio of the force and deformation that this force causes.According
to this definition, the most robust way of stiffness determination is to place bearings
on a rigid shaft and load it with transverse force. Deformation of the bearing is mea-
sured as a displacement of the inner ring. The stiffness obtained by this procedure
corresponds to the radial bearing stiffness. The stiffness of the bearing is usually
stated catalogs and the only determination would be pointless. The aim of the exper-
iment is to obtain a bearing stiffness relative to the inner ring of the bearing. This
stiffness affects the load distribution along the side of the gear tooth and its size
should affect the design of the longitudinal tooth modification. This stiffness would
have a significant effect on gearboxes where barrier bearings are used, so the exper-
iment will be performed for a shaft mounted on a tapered roller bearing. Figure 2
shows a load diagram and prestress of the bearings.

An indirect method of measuring the stiffness of bearings in motion was chosen
for the experiment. The disk, that will be mounted on the needle bearing shaft, will
be loaded with triple bolts. These bolts will simulate gear forces. By using this
substitution, it can simulate arbitrary transfer of frontal teeth, either with spur or
helical gear.

Couples of sensors will be positioned along the length of the shaft to measure
the transverse displacement of the shaft in two perpendicular planes. From these,
displacements are possible to determine the inclination of the shaft. On the inner
surfaces of the inner rings of the bearings, three sensors at a 120° pitch will be
placed. With these, sensors will be measured the inclination of the bearing ring. It
exists an assumption that the inclination size may change with the drive speed due
to bearing tolerances and eventual manufacturing inaccuracy of the bearing cone;
the drive speed will be controlled from 900 to 1000 rpm. This speed zone represents
the most usual speed of the engine in traffic. Tapered roller bearings are used with
prestressing. Different prestress values will be set for the same load. By varying, the
prestress values will be determined the influence on the bearing stiffness. The design
of the device for the bearing stiffness determination is shown in Fig. 3.

Fig. 2 Load diagram and
prestress of the bearings
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Fig. 3 The design of the
device for the bearing
stiffness determination,
legend: 1—frame,
2—electromotor, 3—case
device, 4—metal bellows
couplings, 5—shaft, 6—disk,
7—axil bearing, 8—needle
bearing, 9—sensor force,
10—screw, 11—tapered
roller bearings, 12—sensor
displacements

2.2 Evaluation

For evaluation, it will be necessary to create a FEMmodel of the shaft with the same
forces as during the experiment. The result of FEM calculation will be deformations
measured at the same points as in the experiment. The total deformation from the
experiment should consist of a shaft deformation and bearing deformations (see Fig. 4
and Eq. 1). The shaft displacement should correspond to displacement from the FEM
model. The difference between the calculated displacement and the displacement
measured experimentally is obtained from the radial deformation of the bearing. The
value is necessary to determine the radial stiffness of the bearing. This stiffness will
be determined for different prestress in the bearing and for different tilting and shaft
speeds.

Yexp = YA + YB (1)

Another possibility of evaluation is to measure the tilt of the shaft and the tilt of
the inner ring of the bearing. The result will be evaluated using FEM model. The
distribution of the measured tilts will be divided into two parts δexp = δs = δB. This
state will correspond to the distribution of the experiment when the tilt of the shaft
is less than the clearance between the cones and the bearing tracks of the bearings.

Fig. 4 The deflection curve
of the shaft
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In this state, the experimentally measured tilt value of the shaft will be controlled
only by the stiffness of the shaft. The size of this tilt will also serve as a comparison
of the experiment result and FEM calculation.

The second situation in this evaluation will correspond δexp �= δB. Bearing clear-
ance will be already cleared down and the experimental inclination will depend on
the stiffness of the shaft and the stiffness of the bearings. Therefore, the experimen-
tally determined tilt angle of the shaft will correspond to Eq. (2). The shaft tilt angle
δS will be determined from finite element analysis.

δexp = δA + δB (2)

The bearings and the shaft in the gearbox are connected in series in terms of
stiffness. Therefore, the total bending stiffness Csexp determined experimentally is
equal to 3. The shaft stiffness CδS will be determined by FEM calculation and the
CδB stiffness will be the stiffness of the bearing.

1

Cδexp
= 1

CδS
+ 1

CδB
(3)

Thus, the only unknown in Eq. 3 will be the bearing stiffnessCδB. The determina-
tion of this stiffness is the main subject of the experiment. It can be determined from
Eq. (3). The bending stiffness of the tapered bearing is determined from Eq. (4).

CδB = CδS − Cδ exp

Cδ exp · CδS
(4)

3 Discussion

This article has proposed a device for determining the stiffness of bearings. This
mechanism is able to measure only deformation of the bearings. To evaluate the
stiffness of the bearings from this deformation, a methodology was proposed. By
using this methodology, it can be determined radial bearing stiffness and stiffness
the tilting of the inner ring tilting of. The functionality of the proposed equipment
and the evaluation of methodology will be verified until the after experiment is
realization.

4 Conclusion

This experiment should appoint to speed up the design of the correct value and type of
gear modification by using FEM software. The stiffness values are applied into FEM
model. After research on inclination of gears on needle bearings, this is another step
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toward to improve the FEMmodel of the automotive gearbox. The research is mainly
done to reduce noise and vibration of automotive gearboxes, which are among the
most significant sources of noise and vibration in passenger cars. This experiment is
in the initial study phase. The real functionality of the proposed equipment and the
methodology of the experiment will be verified after the realization of the device.
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Comments on ISO 6336-2

Milos Nemcek

Abstract For loading capacity calculation of gears, a number of standards are used.
In our country, the use of the standard ČSN014686 is slowly coming to an end.Unfor-
tunately, this standard does not cover the currently designed gears with non-standard
profile. Consequently, designers go to other standards—DIN 3990 or ISO 6336. ISO
6336 was essentially taken as a replacement for the ending standard ČSN 01 4686.
This paper deals with this standard, specifically with its second part. “Calculation of
surface durability (pitting)” is the title of the second part of ISO 6336—“Calculation
of load capacity of spur and helical gears”. The standard was issued in 2006. This
issue is still valid, supplemented in 2008 by Technical Corrigendum 1. It is a basic
standard and at the same time a guideline for a very important calculation of the
contact stress on the flanks of the teeth of gears. This article points to some details in
the standard. It also shows an overview of typing errors in this part of the standard.
It also states their correct wording.

Keywords ISO 6336 · Part 3 · Typos · Errors

1 Introduction

This latest edition of this part of the standard [1] is comparable to the previous edition
(1996—31 pages, 2006—33 pages). Similarly, to the third part also from this part,
both the simplified computation method C and the method D have been completely
eliminated. The new standard is more sophisticated and takes better account of the
influence of some factors.Additionally,AnnexA is added to the standard to determine
the exact start of involute.
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2 Typos and Errors

Page 7, Equation (7)—replace … σHP ref ZN = σHP ref (… with … σHP ref ZN =
σHP ref ( …

Page 8, Eq. (12)—replace … σHP ref ZN =… with … σHP ref ZN =…
Page 9, below the figure—replace… Y helix angle… with… X helix angle …
Page 9, below the figure—replace … X zone factor … with … Y zone factor …
Page 10, “Figure 3”—corrected dimension pbt to the point B, (see Fig. 1 here).
Page 12, Eq. (23)—replace z with Z
Page 14, for roll angle is used ξ, although in the review in the 1. Part is j.
Page 18, Table 2—remove two table cells, add the upper index b to the circles (see

Fig. 2).
Page 20, Equation (37)—calculation of ZL is not accurate for extreme values of

υ.
Pages 20 and21, for conversion it is advisable to useυ40=1.82411 ·υ50-9.3480569
Page 27, Equation (57)—replace denominator 680 with 6800
Current Figure 11, in norm ISO 6336-2, (see Fig. 3)—to correct
Corrected Figure 11, (see Fig. 4)
Annex A—inappropriate symbols for the angles are not in accordance with habits
Equations A.5, A.6, A.10, A.13, A.14 replace … φ … with … ϕ …
Page 31, Figure A.2—replace … ρfP sinϕ/cosβ … with … ρfP cosϕ/cosβ …
Page 32, replace …υ …with …ϕ … (total 7 times)

Fig. 1 “Figure 3” from ISO
6336-2 [2]
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Fig. 2 Table 2 from ISO 6336-2

Fig. 3 Figure 11 from ISO 6336-2
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Fig. 4 Corrected Fig. 11 from the ISO 6336-2

3 Conclusion

The latest release of the second part of ISO 6336 is progress against the previous
one. The calculation procedures for most of the factors are revised and refined. The
scope was retained because the C and D computational methods were omitted. It is
a pity that all bugs were not captured in the Technical Corrigendum 1. Nevertheless,
this standard is a great asset. However, it would be appropriate to consider revising
Annex A, which is unclear.
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Contact Patterns During a Mesh
of a Helical Gear Pair

Jan Pavlík and Václav Mosler

Abstract The article deals with the issue of real tooth contact on the helical gearing
in the car gearbox. Theoretical images of the tooth contact in the available literature
do not show all information about tooth contact looks and how are spreads on the real
tooth flank surface. This article shows in the detail, how looks the contact line and the
footprint (contact pattern) caused during tooth meshing on the real gearing in the car
gearbox. It also shows, where the contact of the tooth begins and in what direction
is expands on the tooth flank. This all is created for the comparing on different
levels of load, because on the tooth are created micro-geometry modifications, which
causes little bit different shapes of footprints than on unmodified gearing. These real
footprints represent a better imagination for understanding how tooth meshing of
helical gearing looks and how is changing the size of footprints due to increasing
loading.

Keywords Helical gearing · Footprints · Involute gearing · Pattern · Load · Tooth
meshing · Automotive ·Modification · Noise

1 Introduction

Monitoring of the quality gear mesh is increasingly important during the design of
gearboxes because automobile producers are pushed to reduce polluting emissions
and noise emissions by very strict regulations. This means that the total weight of
gearbox is decreasing, but this factor is counterproductive to decreasing of the noise.
The gear cases have thinner walls, where cannot absorb the noise which is create
from the rotating gear wheels. Also shafts are thinner; this factor causes their bigger
deflection. This both factors (thinner walls of gear cases and thinner shafts) causes
that overall stiffness of gearbox is lower (has higher deformations) and the gear mesh
is not so ideal. This is the reason, why ideal geometry of the teeth is produced with
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modifications.Modifications reduce unwanted deformations and ensure good contact
of the tooth during their mesh. Just correct tooth contact has the biggest influence
on the generating acoustic emissions [1, 2]. For better understanding, how looks
real footprints and define the direction of contact line on the tooth flank in the car
gearbox with helical gearing, were created following pictures which are describes in
the detail.

2 Methods and Materials

Engine with gearbox is mounted on the testing device (see Fig. 1) by exactly same
way as in the car, but creating of the real footprints (contact patterns) on the testing
device runs at very low speeds. The reason is that very small segments of rotation are
required for capturing of the beginning of the tooth contact. To show tooth contact,
a special marking color is applied on the tooth flank. Methodology in which way
is color applied is described in [3]. There are another ways (methodology), how is
possible create the footprints on the tooth flanks (e.g., [4]), but for this case of study
was not so good.

Methodology of creating contact line of the tooth mesh is based on precision. It
is important to apply the marking compound with brush on tooth flanks in very thin
layer. With these steps are guaranteed sufficient accuracy of result footprints.

In order to capture the beginning of the footprint is necessary make segment
of rotation to the point when teeth, which has applied color on the flank, goes to
the contact with opposite teeth. At this point, it is necessary to stop the rotation of
meshed gears. To create the picture of beginning of the footprint is need to turn

Fig. 1 Testing device with real gearbox [5]
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the drive pinion in opposite direction back. Other chance how to make the photo of
beginning of footprint does not exist.

To create the pictures, how contact line is spread on tooth flank, is need to make
segment of forward rotation little bit bigger than previous. Then is need to turn the
drive pinion backward and make the photo. These two steps are repeated as long as
the tooth which has applied marking compound on his flank goes completely out
from the mesh.

3 Results

This chapter is interested about better imagination for understandingwhere the begin-
ning of the tooth mesh is, how tooth meshing of helical gearing looks, and how is
changing the size of footprints due to increasing loading. All problems are showed
on the real gearing in the gearbox.

3.1 The Beginning of the Tooth Mesh

During design of gearing is very difficult to correctly determine all geometric tooth
modifications. For verify correct tooth geometry are used real footprints (contact
patterns). The footprint, which has fluent beginning of the tooth mesh, has positive
influence on the lower noise level [6]. Therefore, it is important to know, where
beginning of the tooth mesh on the helical gearing is. On the below picture (see
Fig. 2) are beginnings of the tooth mesh marked with arrow on the drive pinion and
driven wheel.

The beginning of the tooth mesh on the drive pinion is from the bottom right
corner. This condition applies only if the drive pinion is right-handed. If the pinion
would be left-handed, the beginning of the tooth mesh would be from the bottom left
corner. On the driven wheel is situation opposite to the drive pinion. The beginning
of the tooth mesh is from the top right corner. This condition again applies only if
the drive pinion is left-handed. For the right-handed, wheel will be begun on the top
left corner.

3.2 Spread of the Meshing Line

The spreading shape of the meshing line on the tooth flank is on the helical gearing
totally different then on the spur gearing. While on the spur gearing is the meshing
line spreads parallelly. On the helical gearing is the meshing line spreads under the
angle (in Fig. 3 is marked by black arrow). At the same time is on the picture marked
with white arrows the direction of the spreading the contact line. On the drive pinion
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Fig. 2 Beginning of the tooth contact on the drive pinion (bottom picture) and driven wheel (top
picture)

Fig. 3 Spreading of the meshing line on the drive pinion (bottom picture) and driven wheel (top
picture)
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is the contact line spread from the root to top of the tooth and from the right to left
side (it is for right-handed pinion). On the driven wheel is the contact line spread
from the top to root of the tooth and from the right to left side (it is for left-handed
wheel).

During the rotation are alternate different numbers of teeth which depends on
coefficient of total ratio (1).

εγ = εα + εβ (1)

From the picture (see Fig. 3) is visible, that two and three pairs of teeth are
alternating during the rotation. The teeth from drive pinion P1 is in the contact with
teeth from driven wheel W1 and at the same time is in the contact P2 with W2 and
P3 with W3. However, this condition will apply only for short time because teeth P1
and W1 are almost out from the mesh. Before, than pair of teeth P4 with W4 will be
in the contact, the loading will be divided only between two pairs of teeth P2 with
W2 and P3 with W3.

3.3 Final Sizes and Shapes of the Footprints

The final sizes and shapes of the footprints mainly depend on the load level, defor-
mations (tooth, shaft, gear case, etc.) and geometric modification on the tooth. On
the picture (see Fig. 4) are shown footprints on the drive pinion and driven wheel.
Footprints were created on the levels 0, 30, and 120 N m, and its final sizes are

Fig. 4 Final sizes and shapes of the footprints during different load levels (drive pinion on the
bottom pictures, driven wheel on the top pictures)
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marked by white arrow. It is easy to see, how size and shape of footprints is changing
and also, how changing εα and εβ is.

With size and shape of the footprints goes hand in hand the noise level. The noise
level does not affect only on the overall size of footprints but a lot of another factors
they effect it [7]. This issue is very extensive and in large part still unexplored.

4 Discussion

Showed examples with footprints given a clear idea about how looks tooth mesh
on the helical gearing. Theoretically, at the given load, the both footprints (on the
drive pinion and the driven wheel) should have the same sizes and shapes. However,
this condition ceases to apply, when specific slips on the drive pinion and the driven
wheel have not the same values (if are not balanced specific slips). This difference
caused that the ratio of the tracks between the roots of drive pinion is not same as on
the top of driven wheel. Therefore, the showed footprints on the pinion and wheel
have not the same sizes and shapes at the given load. The beginning of the tooth
mesh and spreading shape of the meshing line on the tooth flank depends on the
contribution if pinion (wheel) is right-handed or left-handed. Basically, if the pinion
is drive, then every time the beginning of the tooth mesh is on the root, and right or
left side depends on the inclination of the teeth. This condition is similar to the driven
wheel. The beginning of the tooth mesh is on the top and right or left side depends
on the inclination of the teeth. The overall sizes and shapes of the footprints mainly
depends on the load level, deformations (tooth, shaft, gear case, etc.), and geometric
modification on the tooth.

5 Conclusions

The aim of this study was approaching the issue of tooth mesh on helical gear-
ing. Modern technology can create virtual models with simulation of tooth contact.
However, for a better imagination for understanding where the beginning of the tooth
mesh is, how tooth meshing of helical gearing looks, and how is changing the size of
footprints due to increasing loading, is creation this issues on the real gearing. The
first subchapter is deal with problematic of the beginning of the tooth mesh, which is
very important for correct design of geometry modifications on the tooth. The fluent
of the beginning tooth mash has positive influence on the low noise level. Spread-
ing of contact line on the tooth flank is on the helical gearing totally different with
comparing to contact line on the spur gearing. The contact line on the spur gearing
is spread by parallelly, on the helical gearing is under the angle. This problematic is
processed in the second subchapter. This subchapter also mentions the issue of the
total contact ratio. Because during creation the contact line is also to see, how many
teeth are in the mesh. The last subchapter shows, how is changed the size and shape
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of the footprint when is loading increasing. This experiment was performed on the
gearing which has modified tooth. Therefore, footprints expand under higher load
on all the directions. Showed pictures on the real gearing in this study give good
background to study main issues on helical gearing.
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Explanation of New Specifications Used
in Geometric Dimensioning Model

Karel Petr

Abstract This article is based on rules used in ISO GPS standards. During few
last years are applied to drawing documentation environment various modifiers,
specifications, and symbols from 3D annotated model. There CAD model describes
nominal shape of the part. Specifications are then defined by annotations directly in
the 3D model [1, 2]. Specifications from 3D annotations are applied in 2D drawing
documentation now. The significance of these specifications (modifiers) from field
of geometric tolerance is same in 2D and in 3D documentation. This is the reason
why it is necessary to know, recognize and applied these specifications. The basis
for these specifications is the latest edition of the standard ISO 1101 from 2017.
Main new specifications are: intersection plane indicator; orientation plane indica-
tor; direction feature indicator; collection plane indicator. With these specifications,
disappeared dependence of placement of geometric tolerances on specific 2D view
in orthographic projection (ISO E). The method of evaluation for metrology was also
better specified. Used these specifications, we can better and more clearly positioned
geometric tolerances on a 2D drawing or also into a parametric 3DCADmodel using
PMI dimensions. This article explains application of these new symbols to specific
components with detailed descriptions. Apart from symbols for geometrical toler-
ances, are also very important symbols for datum, which are defined in ISO 5459.
Furthermore, the issue of linear and angular dimensions from standards ISO 14405-1
and ISO 14405-3.

Keywords Geometric specification · Intersection plane · Orientation plane ·
Direction feature · Collection plane · Geometrical product specification

1 Introduction

Geometrical tolerances [3–8] shall be specified in accordancewith functional require-
ments, butmanufacturing and inspection requirements can also influence geometrical
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Fig. 1 Geometrical specification (ISO 1101:2017) applies to drawing [1]

tolerancing. Very important thing, which in accordance with ISO 8015, is that geo-
metrical tolerance applied to a feature defines the tolerance zone around the reference
feature within which the toleranced feature shall be contained. A feature is a specific
portion of the workpiece, such as a point, a line, or a surface. These features can be
integral features or derived features.

1.1 Applications of Geometrical Tolerance on Model

A geometrical specification applies to a single complete feature (see Fig. 1), unless
an appropriate modifier is indicated. When the toleranced feature is not a single
complete feature, see Fig. 1 (R ↔ S).

When the geometrical specification refers to the integral feature, the geometrical
specification indication shall be connected to the toleranced feature by a reference
line and a leader line terminating according to Fig. 1 (the bottom half of the figure).
When the geometrical specification refers to a derived feature (a median point, a
median line, or a median surface), it shall be indicated either by a reference line
and a leader line terminated by an arrow on the extension of the dimension line of a
feature of size or by modifier A in circle (see Fig. 1).

1.2 New Specifications for 2D Drawing and 3D CAD Model

Main new specifications are (see Fig. 2): intersection plane indicator; orientation
plane indicator; direction feature indicator; collection plane indicator [2].

With these specifications, disappeared dependence of placement of geometric
tolerances on specific 2D view in orthographic projection (ISO E). The method of
evaluation for metrology it was also better specified [3]. Used these specifications,
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Fig. 2 Intersection plane indicator (symbolwith datumA); orientation plane indicator (symbolwith
datum B); direction feature indicator (symbol with datum C); collection plane indicator (symbol
with datum D)

we can better and more clearly positioned geometric tolerances on a 2D drawing or
also into a parametric 3D CAD model using PMI dimensions.

2 Methods and Materials

At this point, an explanation of the above symbols is given.

2.1 Intersection Plane Indicator

Intersection plane, established froman extracted feature of theworkpiece, identifying
a line on an extracted surface (integral or median) or a point on an extracted line.
Intersection planes shall be used to identify the orientation of line requirements
(straightness of a line in a plane, line profile, orientation of a line element of a
feature) and “all around” specifications for lines on surfaces (line or surface profile),
(see Fig. 3).

In Fig. 3 (left), any extracted line on the upper surface, as specified by the inter-
section plane indicator (in two direction—parallel and perpendicular to a datum A),
shall be contained between two parallel straight lines 0.16 mm apart for direction
parallel with datum A and 0.1 mm apart for direction parallel with datum A.

Same indication (see Fig. 3) is possible used in parametric 3D CAD model (PMI
dimensions) only leader line of geometrical specifications in terminated by dot.

Fig. 3 Straightness specification of a line (two different direction) in a plane (left view); line profile
specification on one feature—theoretical exact dimension (TED) R14 (right view)
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In Fig. 3 (right), in each section, parallel to datumplaneA, as specified by the inter-
section plane indicator, the extracted profile line (feature defined by TED R14) shall
be contained between two equidistant lines enveloping circles of diameter 0.04 mm.
The centers of which are situated on a line having the theoretically exact geometri-
cal form (TEF). For indication of more than one specific feature are necessary used
combination symbols “between” and UF (united feature) or CZ (combine zone) or
SZ (separate zone) [4].

2.2 Direction Feature Indicator

Direction feature is an ideal feature, established from an extracted feature of the
workpiece, identifying the direction of local deviations. Direction features shall be
used when the toleranced feature is an integral feature and the local width of the
tolerance zone is not perpendicular to the surface.

For cylindrical features, roundness applies in cross-sections perpendicular to the
axis of the toleranced feature (see Fig. 4). For roundness of revolute surfaces (see
Fig. 4) that are neither cylindrical nor spherical, a direction feature shall always be
used to indicate the direction of the width of the tolerance zone. In Fig. 4, for both
the cylindrical and conical surfaces, the extracted circumferential line, in any cross-
section of the surfaces, shall be contained between two coplanar concentric circles,
with a difference in radii of 0.03 mm. This is the default for the cylindrical surface
and indicated by the direction feature indicator for the conical surface. The extracted
(actual) cross-section line, in any cross-section perpendicular to the axis defined by
datum A.

The tolerance zone defined by the specification in Fig. 5 (left), in the considered

Fig. 4 Three variants of application of roundness specification with different axis. Axis defined by
perpendicularity of intersection plane to datum A. Left view—datum is defined as axis of conical
feature; middle view—datum is defined as axis of toleranced feature; right view—datum is defined
as axis of cylindrical feature (diameter 10 H7)
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Fig. 5 Left—direction feature with symbol circular run-out. Right—orientation plane indicator for
two orientations

cross-section, is limited by two circles on a conical surface a distance 0.1 mm apart
along the surface. Direction feature with symbol circular run-out is used.

2.3 Orientation Plane Indicator

Orientation plane, established from an extracted feature of theworkpiece, identifying
the orientation of the tolerance zone. The orientation plane indicator controls both
the orientation of the planes that limit the tolerance zone (directly by the datum and
the symbol in the indicator) and the orientation of the width of the tolerance zone
(indirectly, perpendicular to the planes), or the orientation of the axis for a cylindrical
tolerance zone.

In Fig. 5 (right), the extracted median line (axis of hole diameter 6.4 H12) shall
be contained between two pairs of parallel planes, which are parallel to datum axis
A, and positioned 0.1 and 0.2 apart, respectively. The orientation of the planes lim-
iting the tolerance zones is specified with respect to datum plane B by the orienta-
tion plane indicators. Deprecated practice—datum B is secondary to datum A (see
ISO 1101:2014).

2.4 Collection Plane Indicator

Collection plane, established from a feature on the workpiece, defining a closed
compound continuous feature. A collection plane shall be indicated when the “all
around” symbol (see Fig. 6) is used to identify that a specification applies to a
collection of features. A collection plane identifies a set of single features whose
intersection with any plane parallel to the collection plane is a line or a point.
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Fig. 6 Collection plane for surface profile symbol with “all around” symbol. Unequally disposed
surface profile specification for a united feature (2D drawing indication—left; Tol. zone—right)

In Fig. 6, the extracted surface shall be contained between two equidistant surfaces
enveloping spheres of diameter 0.2 mm, the centers of which are situated on a surface
having the theoretically exact geometrical form (TEF). The UZ modifier is used to
indicate that the tolerance zone is moved 0.1 into the material, see Fig. 6 (right) [1].
When using the line profile symbol, if the intersection plane and the collection plane
are the same, the collection plane symbol can be omitted.

3 Results and Discussion

At present, it is necessary applied abovementioned symbols in the drawing doc-
umentation. How was say, these symbols in possible used in 2D drawing or in 3D
CADmodel. In the illustrations below, annotated commands are marked with a black
arrow.

In Fig. 7, for “all around” symbol you can see application of collection and
intersection plane indicator. First case in Fig. 7 are the intersection plane and the
collection plane the same, the collection plane symbol can be omitted. For flatness
tolerance is orientation plane indicator used. Common datum C-D (plane from two
axes) defined orientation of flatness surface 5 × 2.

In Fig. 8, perpendicular tolerance with intersection plane indicator is used to
indicate that the toleranced feature is the lines in the feature and the direction of the
lines, where the toleranced feature is all lines in the cylindrical surface symmetry to
datum A.

Section plane for definition of tolerance zone for roughness tolerance is per-
pendicular to datum, which is axis of conical feature (see Fig. 8). In standard
ISO 14405-1:2016 [5] are examples for indication of direction feature indicator
to linear dimension.

In Fig. 9 are shown other types of symbols which are possible to use on drawing.
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Fig. 7 Example 1—application of intersection plane indicator and collection plane indicator for
line profile, orientation plane indicator for flatness. (Inspiration by ex. from prof. V. Läpple)

Fig. 8 Example 2—application of intersection plane indicator for parallelism symbol, direction
feature indicator for roundness and for linear dimension (ISO 14405-1). (Inspiration by ex. from
prof. V. Läpple)

4 Conclusions

With new specifications (orientation plane indicator; direction feature indicator; col-
lection plane indicator), disappeared dependence of placement of geometric tol-
erances on specific 2D view in orthographic projection (ISO E). The method of
evaluation for metrology it was also better specified.
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Fig. 9 Example 3—other types of symbols, which are possible to use on drawing. (Inspiration by
ex. from prof. V. Läpple)

Used these specifications, we can better and more clearly positioned geometric
tolerances on a 2D drawing or also into a parametric 3D CAD model. Don’t forget,
than apart from symbols for geometrical tolerances are also very important symbols
for datum, which are defined in ISO 5459. Furthermore, is very important the issue
of linear and angular dimensions according standards ISO 14405-1 and ISO 14405-3
[1].

On the drawing, are indicated many specifications (dimensions, geometrical tol-
erances …), but do not forget, than each specification is only for one feature or for
part of feature (if we used modifier). For application of one specification on more
than one feature, we must used some modifier (CZ, UF, …). Not all specifications
in drawing are functional specification!
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Creation of Calculation 3D Model
of Slewing Bearing

Rudolf Skyba, Slavomír Hrček, Lukáš Smetanka and Maroš Majchrák

Abstract The article deals with the creation of 3Dmodel of slewing bearingwith the
support of the 3D modeling software Creo Parametric 3.0 and with support of Apex
Grizzly 16, that is especially suited for creation of a high-quality mesh on a variety
of 2D or 3Dmodels. The basic task will be, to define specific type of slewing bearing
and find out the basic parameters, like ball diameter, diameter of inner and outer race,
and pitch diameter of rolling tracks that are necessary for its construction. After we
create suitable 3Dmodel of slewing bearing, we need to divide the base model of ball
into the several parts that will allow us to create a quality and uniform finite element
mesh on the entire volume of the meshed part. After transforming the model into the
program Apex Grizzly, we can create basic mesh and find optimal mesh values for
each element of divided bearing separately.

Keywords Stiffness · Bearing ·Model · Analysis

1 Introduction

Slewing bearings also known as slewing rings are large-sized rotary elements usually
used in applications in which large rotational functional elements are involved, such
as tower cranes, wind turbine generators, boring machines, etc. There are many
different types of large diameter bearings, and they are divided according to the type
of rolling element and its internal arrangement. There are bearings with one, two, or
three rows of rolling element, and we distinguish between balls and rollers. Figure 1
points to a typical arrangement of four contact point slewing bearings and also shows
the usual load system acting on bearing in axial or radial direction.

It has been studied that all angular contact ball bearings have similar features in
consideration of geometry, mechanism, and structure [1, 2]. The stiffness of angular
four contact point ball bearings has a very important influence on the dynamics of a
rotating shaft and the machine system [3, 4]; the life and the rolling contact fatigue
can be determined by full-scale bearing tests. These types of tests are released on
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Fig. 1 Typical arrangement of four contact point slewing bearing [4]

test rigs and that is very expensive and time-consuming solution. Bearing designers
would like to understand the impact of four variables like subsurface residual stress,
ball material density, gradient in yield strength with depth raceway surface hardness
that are thought to affect spall propagation [5, 6].

Mullick [7] researches radial stiffness of a radial and ball bearings with angular
contact using the John Harris method and also the finite element method. For solving
systems of nonlinear equations, we are using Newton-Raphson’s method, while in
contact analysis uses finite elements method. The results show that the displacement
and of the bearing rings depend with high probability on the combined loads and
centrifugal force. Antoine et al. [8, 9] propose two methods for determination the
contact angle between inner and outer ring of the bearing depending on the preload
and also speed for special cases of elastic preload. There are many methods based on
the Hertz contact theory. They are based on the assumptions that the force of preload
constant and does not effect on the change of contact angle or speed. In solving the
system of equations, it is admitted that a certain speed, for a preload comes only to
the revoke of the axial clearance, and that there is no axial deformation.

Sun et al. [10] examine relationship between contact deformation, change of stiff-
ness, and clearance of beating. The results gained by experimental and analytical
propose determining the elastic deformation of bearing elements must be taken into
account radial and axial clearances in the bearing. Wei et al. [11] examined the influ-
ence of centrifugal force, gyroscopic moment, and preload on the bearing stiffness.
They concluded that if the value of contact angle of raceway and ball exceed 8.9°, the
value of the radial stiffness decreases with increasing speed. By the experiments have
been shown that the radial stiffness decreases more than 20% if the contact angle is
40° and revs are 15,000 rpm. They also noted that the increasing of the temperature
affects an increasing of preload of bearing and increase the frequency of oscillation.
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The most appropriate way to determine axial or radial stiffness of four-point con-
tact ball bearing is to create 3D model with cad software program like, for example,
Creo 3.0 Parametric. In the next step, it is necessary to convert native file from
3D cad software into a suitable format that could be meshed in program such as
ANSYS Workbench. After the network is created, calculations can be made. In an
ideal case, experimental test will be performed to verify the calculations and confirm
the hypothesis.

2 The Hertz Contact Theory

The Hertz contact theory assumes the contact of two bodies with curved surfaces,
which are pushed against each other by the force Q. Each of the two bodies is
characterized by a curvature in main planes (see Fig. 2) that are perpendicular to
each other, and in which the maximum and minimum curvature is located. Curvature

Fig. 2 Radii located in main
planes
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ρ is defined as the inverted value corresponding to the radius of curvature r . Curvature
ρ is positive if the center of curvature is located inside the body (convex curvature
+ρ), and negative if the center is located outside the body (concave curvature −ρ).

Calculation of deformation, contact area, and contact pressure according to
the Hertz contact theory requires, first of all, to determine Hertz’s coefficients
μ, ν, 2K/πμ and the relationship to the curvature in the contact area. These coef-
ficients characterize the stress distribution in the contact area. In the case of rolling
bearings, curvatures ρ1I and ρ2I as well as ρ1I I and ρ2II are located in the same plane.
The auxiliary value cos τ is calculated from the relationship:

cos τ =
∣
∣
∣
∣

ρ1I − ρ1II + ρ2I − ρ2II
∑

ρ

∣
∣
∣
∣

(1)

Sum of all radii of curvature is:

∑

ρ = ρ1I + ρ1II + ρ2I + ρ2II (2)

Inverted value of radius can be expressed as following:

ρmn = 1

Rmn
(3)

In accordance with Herts derived relations, the coefficients μ, ν, and 2K/πμ can
be determined as a function of cos τ . The values of the coefficients depending on the
function of cos τ (see Fig. 3).

3 Basic Parameters of Model

According to Hertz relationship, we can calculate basic parameters as the length of
major and minor axes, which are necessary to determine the major dimensions of the
contact surfaces. Basic and significant parameters, which are needed for creation a
model, are (see Fig. 4):

• ball diameter Dwe,

• rolling elements pitch diameter Dpw,

• contact angle α (this parameter is variable depending on applied load),
• raceway groove radius ri , re,
• distance between center of rolling paths A.
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Fig. 3 Coefficients μ, ν, and 2K /πμ

Fig. 4 Radial ball bearing under axial movement

3.1 Basic Calculations for Assembling the Bearing Model

Based on the abovementioned parameters and provided that the contact angle is 45°,
we can obtain the following calculations:

Relative movement of rings in axial and in radial direction:
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PeA = A · cosα (4)

PeR = A · sinα (5)

Distance between center of rolling paths A can be calculated by the following
way:

A = B · Dwe (6)

After we obtain parameter A, it is necessary to find the orbit diameters tdi , tdo:

tdi = Dpw − Dwe

2
− �ro

2
(7)

tdo = Dpw + Dwe

2
− �ri

2
(8)

After we obtain value of the radius of curvature, its sum Eq. (2) and the absolute
value of the cosτ Eq. (1), we are able to calculate values of the major (9) and minor
(10) semi axes by the following equations:

2a = 2 · μ · 3

√

1

E
· (1− m2

) ·
(
3 · Q
∑

ρ

)

(9)

2b = 2 · ν · 3

√

1

E
· (1− m2

) ·
(
3 · Q
∑

ρ

)

(10)

After that we need to find out the depth in which the tension work and its possible
by the following equation:

2 · z0 = 2b · 0.25 (11)

In Fig. 5, is presented schematic representation of the model for the ball and the
ball raceway contact according to [12].

4 Creation of 3D Model and Mesh

After we have obtained necessary parameters of bearing, we could create a function
model of slewing bearing we need in 3D CAD software like PTC Creo 3 (see Fig. 6).

The bearing consists of ball, inner ring, and outer ring. Each part of the bearing
is needed to be divided separately so that we can make fine hexagonal mesh. The
creation of the mesh on the inner and outer ring is quite simple (see Fig. 7), but the
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Fig. 5 Schematic representation of the bearing model

Fig. 6 3D model of slewing bearing

Fig. 7 3D bearing model with created mesh



156 R. Skyba et al.

Fig. 8 Mesh created on the ball

main goal is in the creation of mesh on the ball which is modified (see Fig. 8). And
by doing so, we can achieve more accurate results and much better computing [13,
14].

5 Conclusion

The quality finite mesh is one of the most important things, which is required to
perform suitable analysis. Moreover, by doing so we can achieve results that are
more accurate and much better computing. Before the mesh has been created, the
model of ball was divided into the small pieces, and then transformation from Creo
to Apex was realized. After the model in Apex was loaded, a consistent mesh on
both bearing rings has been created. For creating a consistent and uniform mesh on
ball, it was necessary to create a dividing-plane. Thanks to these dividing planes, it
was possible to create unified mesh in whole volume of a ball.
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Design Optimization of Micro-hydro
Power Plant

Pavel Srb and Michal Petrů

Abstract This article deals with the design optimization of the micro-hydropower
plant. This mini-power source is designed as an additional power source for small
recreational objects or remote places with access to a water stream of flow rate
approximately 0.4 m3/s. A paddle wheel with 3 m diameter is welded from sheet
metal. The paddle wheel is designed for a rotational speed of 5 rpm. The electric
generator with planetary gear is integrated into central supported tube. The original
construction was very robust and heavy. Particularly due to the high weight, it was
required optimizing of design. A finite element model of the whole structure of the
hydropower plant was created. Mechanical stresses and deformations in main part
have been analyzed. Based on these analyzes, optimization has been proposed with
the result of weight reduction while maintaining of use properties and with good
durability.

Keywords Optimization · Hydropower · FEM analysis

1 Introduction

Hydropower is derived from the potential and kinetic energy of flowing water. If
the water head is allowed to move a mechanical component then that movement
involves the conversion of the potential energy of the water into mechanical energy.
Hydropower is a very clean source of energy and only uses the water which can be
used for other purposes after generating energy [1]. A hydropower resource can be
evaluated by the availability of the power. The extracted power P is a function of the
hydraulic head H, rate of fluid flow Q, density of water ρ, the converter efficiency η,
and the local acceleration due to gravity g [2]. The power is formulated as:

P = η · ρ · Q · g · H (1)
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Hydropower started with the wooden waterwheel. Many various types of water-
wheel had appeared in many parts of Europe and Asia for more than 2000 years,
mostly for milling grain. During the industrial revolution, waterwheel technology
had been developed to efficiencies 70%. The development of the industry combined
with the need to develop smaller and higher speed devices to generate electricity, led
to the development of modern turbines. At the end of nineteenth century, many mills
were replacing their waterwheel with turbines. The biggest boom of hydropower was
the first half of the twentieth century, before oil took over as the dominant force in
energy provision [3].

Small hydro is in most cases run-of-river; in other words, any dam or barrage is
quite small, usually just a weir, and generally little or no water is stored. Therefore,
run-of-river installations do not have the effect on the local environment as large
hydro. Small hydropower has several degrees of size. A maximum of 10 MW is the
most widely accepted value of small hydro, devices below 2 MW are mini-hydro,
and below 500 kW micro-hydro [2, 3].

Hydropower installations generate about 17% (2700 TWh/yr) of the world’s
supply of electricity which is 97% of all renewable power generation. Globally,
hydropower potential is estimated at 40,000 TWh/yr of which 14,400 TWh/yr is
technically feasible for development, and 8000 TWh/yr is economically feasible [4].

Three forms of waterwheel are commonly defined along with simple explanations
of their working principles. These are the undershot, overshot, andmiddleshot, which
are shown in Fig. 1. The classification depends on the water entry mechanism as
follow, according to [4]:

• Undershot: The water enters beneath the wheel, which is predominantly driven by
impulse, resulting from a difference between the lower peripheral velocity of the
wheel and the faster velocity of the water.

• Overshot: The water enters from above the wheel, which rotates in the oppo-
site direction to undershot and middleshot waterwheels. These are predominantly
driven by the water’s potential, resulting from gravity.

• Middleshot: The water enters around the same height as the axle. These require a
curved section of channel bed called a breast or shroud, and extract energy from

Fig. 1 Waterwheel classification



Design Optimization of Micro-hydro Power Plant 161

Fig. 2 Poncelet waterwheel
[4]

the water through impulse and potential, lowering the water through a vertical
distance under influence of gravity.

• The design of the traditional undershot waterwheel was improved by Jean-Victor
Poncelet who replaced the straight blades on ordinary wheel with curved or cylin-
drical blades [5]. His design used curved blades positioned so the water met the
blade flat to its edge instead of the side. This eliminated the bounce that robbed
power from typical design. Poncelet estimated that practical wheels would reach
efficiency between 70 and 85% [2]. Figure 2 shows Poncelet waterwheel.

2 Methods and Materials

The optimized micro-hydropower plant is based on a Poncelet waterwheel with a
diameter of 3 m. The electric generator of power 2 kW with planetary gear with
ration 100:1 is integrated into central supported tube. Figure 3 shows CADmodel of
optimized micro-hydropower. Optimization will be performed using finite element
method FEM [6, 7].

2.1 Preparation of FEM Model

The preparation of the analysis for the technical assessment of the design of the
hydroelectric power plant was based on the supplied CAD data. Model data included
the geometry of the critical exposed locations (shaft, blades, and bearings) that will
be most loaded during operation. Standard steel materials (steel 11523 non-alloy
steel of the standard quality with a minimum yield strength of 355 MPa, fatigue
limit 160 MPa) was used for such structures. From the CAD data of the complete
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Fig. 3 Micro-hydropower

hydroelectric drive assembly, all the construction nodes and parts that directly affect
the drive operation have been used for computational model analysis transmit forces.
This geometry was imported into the preprocessor of the FEM software ABAQUS
[8]. Subsequently, initial and boundary conditions were imported into themodel. The
shaft ends are fixed 50 mm from the end. The bearings have been replaced by rings.
The inner surface of the rings was tied connected to the shaft. A non-friction contact
was used between the outer surface of the rings and the inner surface of the hub. The
welded and screwed parts were connected by a tie constrain. Flexible couplings have
been replaced by coupling bonding the surfaces through the control point. Initial and
boundary conditions are shown in Fig. 4.

Fig. 4 Initial and boundary conditions
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2.2 FEM Model

A finite element net was created, consisting of 114,965 elements and 206,877 nodes.
Thematerialmodelwas chosen as the elastic corresponding steel 11,523, theYoung’s
elastic modulus E = 210,000 MPa, the Poisson number μ = 0.3, the specific weight
ρ = 7800 kg.m−3. Simulation was divided into two steps. In the first step, gravity
was applied g = 9.81 m.s−2. In the second step, pressure was applied to one pair of
blades of value corresponding to a torque of 5500 Nm.

3 Results

The simulation results are shown in the following figures. Figure 5 shows stress
distribution. Highest value of stress 441 MPa was found in key shaft groove at
singular point. This value is not valid and is not included in Fig. 5. Key shaft will
be recalculated. Except singular point, the highest value of stress was 72 MPa near
fixed ends of shaft. This value is significantly lower than yield stress. Figure 6 shows
displacement distribution, highest displacement was 21 mm, which is relatively low
in relation to the size of the structure.

Fig. 5 Analysis results—stress distribution
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Fig. 6 Analysis results—displacement distribution

4 Discussion

Simulations of the selected parts of the hydroelectric power plant have determined
that the individual parts are dimensionedwith adequate safety for thematerial S355J0.
The higher value of stress was found in the shaft key groove where at the singular
point the stress reached 441.3 MPa. Stress in shaft key was recalculated and the
resulting value of stress was 139 MPa, which is higher value than recommended
limit of 120 MPa. It is recommended to use two shaft keys rotated of 120°.

5 Conclusions

FEM simulation of the micro-hydropower plant was carried out. Based on technical
judgment and FEM simulations, critical locations were identified. Design changes
have been recommended to ensure trouble-free operation of the hydropower for a
specified period of 5 years.
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The Loading of the Crew Protection
Structure of the ROPS According
to Different World Standards

Ladislav Ševčík and Ha Van Nguyen

Abstract In contribution are compare two standards for testing the roll-over pro-
tective structures (ROPS) frame. The ROPS can be tested by different standards.
Mostly used standard is the European Union (EU) regulation for protective frames
of agricultural and forestry machines No. 1322/2014 for ROPS “Tractor” or ČSN EN
ISO 3471:2008 Earth-moving machinery-laboratory tests and performance require-
ments for roll-over protective structures. The aim of the study was to investigate
the protective structure of the cab of a truck MERCEDES 4 × 4, to cater for both
European standards. Furthermore, the calculations were compared with Australian
standard AS 2294.2-1997 Earth-moving machinery-protective structures. Also the
laboratory tests and performance requirements for roll-over protective structures was
made. Suggest a change ROPS a proposal to verify calculations deformation, stress,
and energy loss when objects falling on the car cabin. The car is built into mining
operations and large excavators an object may fall on a passing truck. Based on the
calculations, the design of the cabin protection equipment was optimized by different
standards.

Keywords ROPS · Lorry · Tractor · FEM calculation · Testing standards

1 Introduction

The aim of the study was to investigate the protective structure of the cab of a
truck MERCEDES 4 × 4 to cater for both EU regulation for protective frames
of agricultural and forestry machines No. 1322/2014 for ROPS “Tractor” [1] and
ČSN EN ISO 3471:2008 Earth-moving machinery-laboratory tests and performance
requirements for roll-over protective structures [2]. The aim was to design ROPS
to meet both regulations. CAD proposal to verify by fine element method (FEM)
calculations of deformation, stress and energy absorption. The car is built intomining
operations and large excavators an object may fall on a passing truck. Design the
proposed ROPS protection solution was tested in the hydrodynamic laboratory.

L. Ševčík (B) · H. Van Nguyen
Technical University of Liberec, Studentská 2, 46117 Liberec, Czech Republic
e-mail: ladislav.sevcik@tul.cz

© Springer Nature Switzerland AG 2020
Š. Medvecký et al. (eds.), Current Methods of Construction Design, Lecture Notes
in Mechanical Engineering, https://doi.org/10.1007/978-3-030-33146-7_20

167

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-33146-7_20&domain=pdf
mailto:ladislav.sevcik@tul.cz
https://doi.org/10.1007/978-3-030-33146-7_20
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2 Materials and Methods

2.1 The Values Specified for the Design and Calculations
ROPS by Different Standards

The input data and documents geometry were shaped contours cabin, which was
carried out according to the design of the safety of prolonged ROPS to the frame of
the lorry as can be seen in Fig. 1 MERCEDES 4 × 4 ACTROS.

Design of ROPS was made in program PTC CREO. Furthermore, the maximum
values were given by static forces onerous safety ROPS acting in a lateral direction,
longitudinal, and vertical direction and in the lateral effects of kinetic energy (see,
Table 1), common for all tests and calculations.

The main dimensions of safety frame, the size of the forces, and their sphere of
activity are the same for all admissible solutions of the protective frame. Location
of protective beams is given by norm. Maximum static compressive force loads
that load ROPS in the vertical direction and the minimum amount of kinetic energy
absorbed during longitudinal and lateral loading, determined in accordance with the

Fig. 1 MERCEDES-BENZ
ACTROS 2040, 4 × 4 tractor

Table 1 Vehicle weights

Type of chassis 4 × 4

Vehicle standby weight (kg) 8500

The maximum technical weight of the vehicle (kg) 20,500

Reference mass of the vehicle m = maximum technical mass/1.75 (kg) 11,714

The equation for calculating the forces and energy (force and energy equations), line 7 rigid
frame machines—only for ROPS (rigid frame dumpers—ROPS only option) and the International
Standard ISO 3471:2008
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Table 2 Load variants by “EU regulation for ROPS 1322/2014” ROPS “Tractor”

Type of chassis 4 × 4

1 Min. energy absorbed at longitudinal load
E (IL1) = 1.4 M (J)

16,400

2 Min. energy absorbed at lateral load
E (IS) = 1.75 M (J)

20,500

3 Strength of vertical (pressure) loading
F = 20 M (N)

234,286

4 Strength of vertical (front) loading in front
F = 20 M (N)

234,286

5 Min. energy at longitudinal load in the opposite direction E (IL2) = 0.35 M (J) 4100

Table 3 The value of forces
acting in different directions
of the coordinate system by
International Standard ISO
3471:2008

Direction x (lateral) y
(longitudinal)

z (vertical)

Forcea F2 ≡ Fx =
105,778 N

F3 ≡ Fy = −
84,630 N

F1 ≡ Fz = −
235,320 N

Energya U2 ≡ Ux =
18,839 J

– –

aValues of all forces and energies in the direction of the lateral
were calculated weight of the machineM = 12,000 kg according
to Australian standard AS 2294.2-1997

“EURegulation for ROPS 1322/2014” ROPS “Tractor” lonMERCEDES-Benz, type
ACTROS series, 4 × 4 chassis (see Tables 1 and 2).

Noting that the reference mass of the vehicleM is the mass chosen by the manu-
facturer for calculating the input power and the compressive forces to be used in the
tests. It must not be less than the weight without weights and must be sufficient to
ensure that the weight ratio does not exceed 1.75 times.

The orientation of the model in a rectangular coordinate system of safety frame:

• x-axis is the direction of the lateral (lateral) forces,
• y-axis is the direction of the longitudinal force (against cavalry),
• z-axis is the direction vertical forces.

In Table 3, is displayed the value of forces acting in different directions of the
coordinate system.

2.2 Location of Force Distributors

The length of the dispensing element for the longitudinal and transverse loading of
the frame can be at least 250 mm and maximum 700 mm by multiples of 50 mm,
height is always 150 mm.
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Fig. 2 Load comparison according to ISO 3471 (left) and EU regulation for ROPS 1322/2014
(right)

The positions of loads according to EU regulations are shown in Fig. 2.
For longitudinal rear loading (in the direction of travel), the force is at a distance

of 1/6 of the frame width W from the edge, closer to the operator’s seat (driver), in
the solved task of 400 mm.

With regard to the optimized top frame design, the length of the trailer for the
longitudinal load from the rear E (IL1) is 600 mm.

For longitudinal front loading, the force is at a distance of 1/6 of the frame width
W from the edge on the opposite side of the top of the frame, from the driver’s seat (in
the 400 mm task). The length of the E2 (IL2) longitudinal load handler is 700 mm.

For lateral load E (IS), the force field is determined by the position of the protected
area, precisely by the position of the operator’s (driver’s) operator seat reference point
(SIP). In the solved task, the side loading is only 119 mm from the front edge of the
frame, and therefore, the distributor has the shortest possible length, i.e., 250 [3].

Vertical loading (pressure test) is carried out on the rear and front of the upper
frame by force F = 20 M by means of a pressure beam (not part of the ROPS frame)
which is pressed against the frame by two hydraulic cylinders connected by Cardan
joints.

2.3 Material of Structural Elements

For the main welded beams of the vertical frame (s) and the supporting upper part of
the frame welded material was added. With the high strength steel S690QL, which
has the strength of 770–940 MPa, the yield strength of 690–790 MPa is mostly used.
In the case of wind voltages, it is possible to use materials of higher strength, such as
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high strength steel S890QL with the strength of 940–1 100MPa, yield strength 890–
944 MPa, or high strength steel S960QL, strength 980–1150 MPa, yield strength
960 MPa. For other parts of the structure, non-alloy structural steel S355J2+N is
used, the strength of 470 MPa, yield strength of 355 MPa.

The design of the protective frame allows its adjustment in two positions. At work,
movement position the frame is secured by two pinswhosemovement is derived from
the linear hydraulic motors.

3 Results

Assuming perfect penetration welds, the parts connected to the entire construction
simplified so that the load is transferred only sections of the workpieces structure,
i.e., it is not considered material located outside the weld these sections. This sim-
plification is to be done, and it can be assumed that significantly affect the results of
calculations. FEM calculations are performed for the material constants: modulus of
elasticity E = 200 GPa and Poisson’s ratio µ = 0.3.

Strains and stresses were calculated for lonely forces amid distributors load
(distributors) located:

• For lateral loads in a direction (+x) (lateral load) on the side beam of the frame,
the distributor has a length of 66.6% of the distance (L) between the outer front
and rear lateral of the upper rectangular frame ROPS and is positioned according
to a distance of 1/3 L from the rear lateral of the upper rectangular frame ROPS.

• For longitudinal load in the direction of travel (y) (longitudinal load) in the middle
of the rear frame beam width, the distributor is max. 80% of the distance (W )
between the outer left and right sides of the upper rectangular frame ROPS. For
the vertical load in the axial direction (z) (vertical load) in themiddle of the vertical
load beam (not part of the frame ROPS), located midway between the front and
rear outer side of the upper rectangular frame ROPS.

On color,maps are shown the calculated values of deformation (displacement) and
equivalent (reduced) stress by HMH. Results in the z-direction are shown in Fig. 3.
The original design compliant with the ISO 3471 standard did not comply with the
calculation under the EU regulation for ROPS 1322/2014. Therefore, a completely
new design had to be proposed in Fig. 3, right.

Evaluation of energy absorption will be considered according to the mechanical
energy expended on its deformation in bend—mechanical energy is determined by
the following Equation [4]:

U = x2∫
x1
F(x)dx, (1)

in the preceding formula represents:

U mechanical energy [J],
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Fig. 3 Sample of the result of maximal stress calculation according to ISO 3471 (left) and EU
regulation for ROPS 1322/2014 (right)

Fig. 4 Testing real sample of ROPS in laboratory

F(x) function of the force-deformation of the ROPS [N],
X deformation of the test [m]

The energy calculation was performed on elastoplastic theory. Designed designs
were tested in the laboratory (see Fig. 4).

4 Conclusions

The load under EU regulation for ROPS 1322/2014 has much more challenging for
the design of ROPS. Design conforming to ISO 3471 does not comply with EU
regulation for ROPS 1322/2014. It had to be completely overdesigned.
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Design and Manufacturing
of Multipurpose Steering Wheel

Dana Šišmišová, Erik Mikuláš, Stanislav Zeman and Ĺuboš Kučera

Abstract This paper approaches the design, modeling, and manufacturing process
of the multipurpose steering wheel for a formula-style race car. The Multipurpose
steering wheel is a device for lateral control of the formula student and also for
changing the formula’s parameters. Steering wheel’s parts are designed with an
aim to comfort, usefulness, manufacturability, and cost of prototype. Subsequently,
the main body modular mold design and manufacturing process is presented, taken
into the account the technology of production and material with suitable attributes
selection. For the steering wheel, it is utilized the technology of pre-impregnated
carbonfiber fabric reinforced polymer (CFRP) cured in an autoclave.Design of layers
of composite material is described in the detail, followed by the material’s bend test.
Custom internal parts made by 3D printing technology with a purpose of mounting
electrical components and mechanical control components are demonstrated. The
final product is part of formula student electric racing car SGT-FE18.

Keywords Carbon fiber · Steering wheel · Pre-preg

1 Introduction

The paper deals with the design of formula student racing car steering wheel, its
ergonomics and the technology of composite materials production. The multipur-
pose steering wheel is a device for lateral control of the formula student and also
for changing its parameters. It is made using modern methods, whether mechani-
cal or electrical. It must meet the criteria prescribed by the formula student rules.
The steering wheel is an essential component that the driver interacts with vehicle.
Therefore, it is necessary to adapt its anatomic shape, dimensions, and layout to
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avoid any negative influence on driving performance. The SGT-FS18 is based on an
older version inspired by formula 1.

The formula student, similarly to the F1 rules, has requirements on the design and
construction of the vehicle and individual components. The following rules serve as
a baseline for the design of the steering wheel:

• The steering wheel must be attached to the column with a quick disconnect. The
driver must be able to operate the quick disconnect while in the normal driving
position with gloves on.

• The steering wheel must have a continuous perimeter that is near circular or near
oval. The outer perimeter profile may have some straight sections, but no concave
sections.

• All parts of the vehiclewhichmaybecome electrically conductive (e.g., completely
coated metal parts, carbon fiber parts, etc.) which are within 100 mm of any TS or
GLVS component, must have a resistance below 5 � to GLVS ground [1].

2 Modeling and Prototyping

The steering wheel was designed according to the ergonomics rules taken in account
the workspace where steering wheel is operated as shown in Fig. 1. After modeling
the body of the steering wheel, the envelope was taken and suitable material was
selected to minimize the cost of prototype 3D printing [2].

After review and testing the prototype, it was necessary to correct the final shape
and ensure the fitting of all the elements in place. The encountered issues occurred

Fig. 1 Control and information elements layout according to ergonomic rules
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mainly due to 3D software distortions. After testing and tapping the prototype, the
correction phase followed to revise the errors made in the design. Once this phase
was completed, design of the molds took place [3].

The most important part of the design was to select the splitting plane of the
steering wheel, to avoid negative angles, that the product can be easily removed
from the mold. It was necessary to create technical documentation and to determine
tolerances for the dimensions and roughness of the surfaces.When designing amold,
it was necessary to take into account the technology of production and select material
that is resistant to higher temperature, thermally stable, thermally conductive, well
machinable and must not have a porous structure. Aluminum alloy ENAW 5083 was
chosen as the ideal material of these properties. It is relatively soft, its surface can
be fine polished to the mirror surface, which is necessary to make the composite
material unbounded to mold. The hollow body shape of the steering wheel can not
be easily produced, so the steering wheel was split into two separate parts.

Two-piece form of the steering wheel rear panel serves as a joint surface that
was smaller in diameter than the edge. Therefore, this part had to be solved as a
removable part which was easily screwed together before laminating and when the
mold product was pulled out, it was decomposed as shown in Fig. 2.

The main part of the lower mold part had to be milled from one piece of the
aluminum alloy blankENAW5083 castingmade, that it did not have internal tensions
which cause rolling and the mold did not twist during the autoclave process. The
surface of this mold was fine machined to a final roughness Ra of 0.4 with a mirror
surface as shown in Fig. 3.

The front steeringwheelmold is amore complicated piece. Thismold is composed
of the base part and the inserts. Which are placed into the holes and the shape of
the mold itself ensures their position. Based on this knowledge, a third insert has
also been made to reduce mold production costs in future. In order to change the
display unit, it is no longer necessary to design and manufacture the whole mold,
which significantly saves costs and enables the mold modularity. The green-colored
surface in Fig. 4 shows themain part of themold, the yellow bars aremarked to create
a space for the OLED display and the rotary switches. Blue represents mentioned
insert for display module that can be easily changed. With pink color are marked the
cones for the button-locking position inside the steering wheel.

Fig. 2 Two-part mold cut,
the black part of the figure is
a composite part that can be
pulled out of the mold after
the mold has been
dismantled
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Fig. 3 The main part of the
steering wheel lower part
form with the polished
surface marked yellow

Fig. 4 The shape for
laminating the front half of
the steering wheel on which
the blue, yellow, and pink
colors are marked by the
interchangeable runners

3 Mechanical Assembling

Based on the requirements, it was determined that 6 buttons, 2 rotary switches,
2 rotary encoders, and a three-position switch are necessary. Three displays were
specified as output devices. A large, center display provides complete information
about the vehicle and two smaller serve for the setup of the virtual inter-axle differen-
tial and the braking force distribution. This resulted in a mechanical design with the
layout of buttons and switches according to the ergonomics rules. Given design was
modeled by computer software before manufacturing drawings, mold milling, and
polish process took place. After the molds have been manufactured, the necessary
mechanical parts were cleaned, degreased, separator was applied and all inserts were
placed. The carbon fiber pre-preg material was laid into the molds, prepared, and
hardened in an autoclave at high temperature and pressure. After pulling out of the
mold, it was necessary to cut off the needless parts, drill holes, polish, and paint the
parts. When the carbon fiber part was prepared, it was necessary to place buttons,
switches, seals, holders, and electronics parts inside. Finally, both half of the steering
wheel was sealed and bonded together [4].
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4 Composite Materials

The steering wheel design for the SGT FE-18 has to comply with the requirement of
the lowest possibleweight.As the steeringwheel bodywas the largest component, the
choice of the right material was the key factor. It was necessary to choose a light and
solidmaterial fromwhich itwas possible to create a productwith a complicated shape.
In the 1980s and 1990s carbon fiber reinforced composites began to be used racing
cars production. By combining the epoxy matrix and carbon fibers, the toughest and
lightest form of composite material is produced. The characteristic of the material
used is on Fig. 5. Just because of its properties such as high stiffness, low weight,
high ductility, or heat resistance, this form of composite material had been chosen to
manufacture the steering wheel [5].

Due to the complicated shape of the steering wheel, the production technology
was chosen using pre-preg composite material with high temperature and pressure
curing in the autoclave. Pre-preg or “pre-impregnated” is the technology where the
carbon fiber fabric is impregnated with activated epoxy resin directly in production
process. An autoclave is a device in which there is an artificially increased pressure
to ensure the best adhesion of the composite material to the mold and in between
liars.

To comply with the formula SAE/student rules for the electrical conductivity of
parts (these rules require that all parts of a vehicle that are less than 100 mm from the
low-voltage or high-voltage system and become electrically conductive must have a
resistance less than 5 � to the ground of the low voltage system), the copper mesh
had to be implemented in the composite material in order to reduce the electrical
resistance [1, 6].

Fig. 5 Diagram of bend test for used carbon fiber composite
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4.1 Design of Layers of Composite Material

The layers design had to take in account the anisotropic properties of the material,
which are compensated by the rotation of the carbon layers relative to each other. This
ensures at least partially similar properties of the composite in different directions.

Because of the low steering wheel load, the front part is composed from 3 layers
of carbon fiber and one layer of copper mesh. The first layer serves as a “visually
nice” surface and aims to provide the material with a good visual effect. Due to the
complexity of the steering wheel, the first layer is visual grade carbon fiber twill with
a weight parameter of 220 g/m2. It is created from one piece, in order to achieve the
best visual effect. This layer is very thin and enables to copy complex shapes. This
is followed by the second layer with a copper grid and finally two support layers
of twill carbon fiber with the weight 600 g/m2. These layers are rotated 45° with
each other and are shown in Fig. 6. The steering wheel handles are reinforced with
an additional layer weighing 220 g/m2, and the edge is reinforced with a layer of
800 g/m2 for easier removal from the mold.

The steering forces are transferred through the rear of the steering wheel those
must be rigid enough because the flexibility may lead to interfere with the vehicle’s
response. Therefore, the back part consists from 5 layers of carbon fiber, and 1 layer
of copper mesh. Identically to the front part the first layer is from visual grade carbon
fiber twill with weight 220 g/m2, followed by the copper mesh and 4 carrier layers of
carbon fiber, and rotated 45° with each other. These layers have a weight of 600 g/m2

and the composition of them can be seen in Fig. 7. An extra layer weighing 800 g/m2

is added to the mold edges and the part where the steering wheel quick release

Fig. 6 The composite
material layers at the front of
the steering wheel

Fig. 7 The layout of the
composite layers in the rear
of the steering wheel
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coupling is attached. On the circumference of the mold, an extra material is added
in order to ease removing of the fart from the mold [1, 6].

4.2 Composite Forming and Preparing Molds Procedure

The mold must be ready before using. Its preparation consists of a thorough cleaning
and applying of separator. Mold cleaning is necessary for the sealing of the separator.
The mold must be cleaned several times with the chemical agent Ferkote PMC from
the Loctite manufacturer until it is absolutely clean, which is checked by the control
strip. When the mold is clean, separating begins. It is a process whereby the pores
of the material are clogged and a thin layer is formed which serves as a barrier
against adhesion of the composite material to the mold. Separation is performed
by the Loctite manufacturer’s Ferkote 770NC. It is a liquid-shaped separator that
is deposited on ten-layer paper towels. Between the applications of the individual
layers, there must be a break of the separator for at least 15 min.

The separation process follows the composite placing. The prepared, cut carbon
fiber layers according to the drawings will begin to be lied in the mold. It’s a tedious
process when it is necessary to insert one layer of carbon into the mold and push it
into all corners by using the tools so that it does not move when touching it gently. It
is necessary to prepare rolls of two centimeters wide strips of unidirectional carbon
fiber, which are placed on all edges of the mold. These rolls ensure that carbon fibers
are pushed up to the corners of the mold. After the rolls of carbon fibers have been
deposited, the mold must be prepared for the first layer vacuuming.

Vacuuming after the first layer is necessary because of the careful pushing of the
carbon fibers into all corners and edges in the mold and at the same time sucking air
bubbles that could be found between the compositematerial and themold surface. For
vacuuming, it is necessary tomakeperforatedfilm tobe laid on the compositematerial
in sufficient quantity to avoid bridging. The aerated layer, the so-called breather, must
be placed on the perforated foil. The final procedure is towrap the form into a vacuum
bag, which is sealed with a vacuum sealing tape, after following the suck of the air
out from the mold and the treatment of the foil to avoid any bridging. The mold
has to stand for 30–60 min. After vacuuming, the mold is unwrapped and begins to
deposit additional layers of composite. After the remaining layers of composite have
been laid, it is necessary to add layer of perforated release film in order to enable the
excess resin flow into the breather. After wrapping the mold in the bag, the air bag
is tested by a measuring device. The composite material thus prepared is shown in
Fig. 8 and is waiting until the autoclave is released, a device in which the composite
materials are hardened at high temperature and pressure.

A 4-h curing cycle in autoclave was selected for the steering wheel and the
temperature and pressure diagram can be seen in Fig. 9.
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Fig. 8 Laid composite material prepared for vacuuming

Fig. 9 Time course of composite curing

5 Conclusion

The paper presents the design and manufacturing of the control unit—steering wheel
STORM for the SGT-FE18 racing car. The correct design is the essential to achieve
best results in the formula student international competition. Based on a detailed
analysis, a concept for the steering wheel parameters, layout of controls and display
elements, number of buttons and functionality was created. After modeling, a proto-
type was created using 3D printing using FDM technology. Errors were checked for
the prototype that had to be removed before making the final steering wheel product.
The key factor was ergonomics, 3D model of molds, and the most suitable com-
posite material selection for the steering wheel production. For given technology of
steering wheel production, the molding material ENAW 5083 was selected based on
consultation with Karlovensky Composites. This mold was made by CNC milling
and finishing methods to achieve surface roughness Ra 0.4. The mold was assem-
bled with composite materials using the pre-preg technology and such created the
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steering wheel body. At the same time as design and mold manufacturing, design of
electronics was made in AltiumDesigner software. These designs have been realized
onto PCBs and then components placed. After testing the functionality, the entire
electronic system was inserted into the steering wheel, which was then bounded.
Our future goal is to test this steering wheel on the SGT-FE18 racing car, which was
not available at the time of the steering wheel design. Recursive neural network to
identify the pilot and automatically set the vehicle parameters implementation into
steering wheel is planned in the future.
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Sealing Technology for Vacuum
Applications Working by Increased
Temperatures

Michal Tropp, Michal Lukáč, Milan Benko, František Brumerčík,
Zbigniew Krzysiak and Aleksander Nieoczym

Abstract This article is focused to design of vacuum chamber for deep draw-
ing machine working by high temperatures. The high temperatures are demand-
ing because of use of molybdenum sheet, which should be drawn by temperatures
approx. 300 °C. The thermal analysis is important for the correct design of the deep
drawing machine for two reasons: The first is the correct temperature of the molded
material—molybdenum sheet and the second is the temperature around the seals of
vacuum chamber. The simulation forms the basis for selecting the appropriate type
of seals. The result of the simulation is a thermal field of working components: the
punch, the die, the blank holder, the working plate, and the working table. The sec-
ond important analysis result is the temperatures of components, which are in contact
with seals in particular places.

Keywords Molybdenum · Vacuum · Sealing · Deep drawing

1 Introduction

Thermal analysis is important for the correct design of the deep drawing machine
for two reasons: The first is the correct temperature of the molded material—molyb-
denum sheet and the second is the temperature around the seals of vacuum chamber.
The simulation thus forms the basis for selecting the appropriate type of seals [1].

For the proper process of deepmolybdenumsheet drawing, a higher temperature of
working material is required due to poor drawability of molybdenum at temperatures
around 20 °C. During the process, the working material must be tempered to a
temperature in the range of 200–300 °C [2].
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2 Boundary Conditions of Simulation

The aim of the simulation is focused on the design of gaskets, which are placed on
the contact surfaces between the components of the vacuum chamber and parts of
the work table (static seals) and seals between the vacuum chamber and the working
components of the device, which are in this case hydraulic linear motors (dynamic
seals) [3]. The simulation also provides the answer to the question of whether it is
necessary to equip the vacuum chamber with cooling. The following Fig. 1 shows
the following components included in the simulation [4, 5]:

• vacuum chamber,
• hydraulic linear motors,
• working components: (die, punch, blank holder, working plate, andworking table).

The following Fig. 2 shows the boundary conditions of thermal simulation. The
areas in the figure, marked in blue, represent the internal surfaces of the vacuum
chamber on which heat dissipation is applied [6]. On the remaining surfaces were
applied both types of heat dissipation, the convention and the radiation [7]. The heater
power was set at 5200 W and the duration of the simulation was 1800 s.

Fig. 1 CAD model of vacuum chamber and working components
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Fig. 2 Boundary conditions of the simulation

3 Results of the Simulation

Figure 3 shows the simulation results—thermal simulation of the complete machine
with all the working components and the vacuum chamber [8]. It is clearly visible
that the heat transfer between the working components and the walls of the vacuum
chamber is so small that the chamber does not need an active cooling system. The
outer temperature of the vacuum chamber is 22 °C [9, 10].

The location of the seals is shown in Fig. 4. Sealing places are marked with red
arrows and letters [11]. Safety factor for determining the minimal temperature of
the gaskets is set 2. The reason why the coefficient is so high is that if the gasket is
damaged due to exceeding its working temperature, the vacuum will be braked and

Fig. 3 Heat transfer through the working components and the vacuum chamber
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Fig. 4 Locations of vacuum seals

the molybdenum sheet will be destroyed due to the penetration of oxygen into the
chamber and subsequent oxidation.

Place “a” is shownon the left-hand side in Fig. 5, and the temperature of the contact
is only 22 °C. Location “b” is shown on the right side in Fig. 5, the temperature in
the contact of seal and the piston is 42.44 °C.

Seal placed in “c” location is shown on the left side in Fig. 6. The temperature

Fig. 5 Temperatures in locations of contact between the seals and working components—vacuum
chamber and punch
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Fig. 6 Temperatures in locations of contact between the seals and working components—working
table bottom piston

measured in the joint is 22.34 °C is shown in Fig. 6. The contact between the bodies
is static, there is no, negligible mutual movement [12]. Of the right side are visible
locations marked with “d” letter. Temperature of the contact surfaces of static sealing
is 22.01 °C and temperature, which have withstand the dynamic sealing, is 70.85 °C.

Figure 7 shows the location of contact of the vacuum chamber with the lin-
ear hydraulic motor of the blank holder marked with the letter “e”. The contact is
dynamic, the bodies move toward each other during the work process [13]. As a seal,
an O-ring with a diameter of 6 mm will be used. The temperature measured in the
contact is 22.49 °C (Fig. 7; Table 1).

For proper operation of the seals is also necessary to keep the recommended
compression values. The following graph shows the dependence between the O-ring

Fig. 7 Temperatures in locations of contact between the seals and working components—blank
holder
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Table 1 Max. temperature in
sealing locations

Type of sealing Temperature from
simulation (°C)

Max. temperature
(°C)

Static 22.00

22.34 22.34

20.01

Dynamic 42.44

70.85 70.85

20.49

Fig. 8 Recommended compression rate of static and dynamic O-ring sealing

thickness and the recommended compression (Fig. 8). Suppliers recommend using
these values for the working temperature of seals made from elastomers from 21 to
200 °C. To use static seals at temperatures above 200 °C, it is necessary to reduce
compression values by 2% [14].

After all requirements have been taken into account, the necessary sealing param-
eters appropriate to the proposed equipment have been established (Tables 2 and 3)
[15, 16].

These last two tables are the main result of the simulation, they give us the answer,
which type of sealings have to be used for proper sealing of vacuum chamber of the
deep drawing machine with the risk of failure as low as possible [17, 18].
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Table 2 Main parameters of
static seals

Static sealing

Material Synthetic rubber, NBR, CR
(NEOPREN®)

Working
temperature

90 °C

Demanded work
temperature

44.68 °C

Shape O-ring

Compression Seal diameter (mm) Compression (%)

8 15.5

10 15.2

10 15.2

Table 3 Main parameters of
dynamic seals

Static sealing

Material Fluoroelastomer, FKM (VITON®)

Working
temperature

150 °C

Demanded work
temperature

141.7 °C

Shape O-ring

Compression Seal diameter (mm) Compression (%)

8 9.7

8 9.7

6 10.3
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Contactless Measuring Device
for Flexible Shaft Coupling Twist Angle

Matej Urbanský and Robert Grega

Abstract The very important current trend inmachinery is the reduction of vibration
and noise, mainly in terms of human health and lifetime and safety of machines. Our
current research is focused on continuous tuning of torsional oscillating mechan-
ical systems during their operation, mainly in terms of torsional vibration magni-
tude, using pneumatic flexible shaft couplings (pneumatic tuners) and electronic
control systems. Our electronic control systems work with the manipulated vari-
able—gaseous media pressure in pneumatic couplings and with controlled variables,
which can be, for example, the magnitude of torsional or rectilinear vibration, the
noise level of a mechanical system, etc. In our case, the twist angle of a pneumatic
coupling is very important variable, which can be directly the controlled variable,
or it can be used for the computation of controlled variable, for example, for the
computation of the load torque transmitted by the pneumatic coupling. Therefore,
the objective of this paper is to present a contactless device for the measurement of
the twist angle of a flexible shaft coupling. The device was newly developed by us
and uses a pair of optoelectronic sensors and real-time data processing.

Keywords Flexible shaft coupling · Twist angle · Contactless measuring device

1 Introduction

Nowadays, the reduction of vibration and noise in machinery is very important task,
mainly in terms of human health and lifetime, safety and efficiency of machines.
Therefore, many researchers keep making an effort to optimize and improve existing
machines using modern computational methods, technical diagnostics and experi-
mental data evaluation, e.g., [1–5], or to develop new prototypes, e.g., [6–9], and
to test their properties, e.g., [9–14]. Likewise, working conditions in practice are

M. Urbanský · R. Grega (B)
Technical University of Košice, Letná 9, 04200 Košice, Slovak Republic
e-mail: robert.grega@tuke.sk

M. Urbanský
e-mail: matej.urbansky@tuke.sk

© Springer Nature Switzerland AG 2020
Š. Medvecký et al. (eds.), Current Methods of Construction Design, Lecture Notes
in Mechanical Engineering, https://doi.org/10.1007/978-3-030-33146-7_23

193

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-33146-7_23&domain=pdf
http://orcid.org/0000-0001-7329-6891
http://orcid.org/0000-0003-4649-1274
mailto:robert.grega@tuke.sk
mailto:matej.urbansky@tuke.sk
https://doi.org/10.1007/978-3-030-33146-7_23


194 M. Urbanský and R. Grega

frequently controlled in terms of negative influence of vibration and noisiness on
human health, e.g., [15].

At our department, we deal with optimal dynamic tuning of torsional oscillat-
ing mechanical systems (TOMS), mainly in terms of torsional vibration magnitude
(but also in terms of rectilinear vibration magnitude or noise arising from torsional
vibration), e.g., [4, 6, 16–19]. As means of this dynamic tuning, we use pneumatic
flexible shaft couplings (pneumatic torsional vibration tuners, hereinafter “pneumatic
tuners”) developed at our department, e.g., [6, 7].

The torsional stiffness of given pneumatic tuners and so the natural frequencies
of torsional systems can be changed by adjusting the gaseous media pressure (the
most commonly air) in their pneumatic flexible elements. By suitable value of tor-
sional stiffness k (k2 < k1 < k3), resonances from individual harmonic components
of excitation (see Fig. 1) can be moved from the operational speed (n) range (OSR)
of a mechanical system and herewith the value of dynamic component MD of the
transmitted load torque can be reduced.

Our current research is focused on development of following electronic control
systems for continuous tuning of torsional oscillating mechanical systems during
their operation:

• Electronic system for pneumatic tuners with auto-regulation, e.g., [6, 18],
• Electronic extremal control tuning system, e.g., [6, 16, 17, 19].

Our electronic control systems work with the manipulated variable u—gaseous
media pressure in pneumatic tuners (Fig. 2).

For the electronic control system No. 1, the controlled variable y is directly the
mean value of pneumatic tuner twist angle. For the electronic control system No.2,
the controlled variable y can be, for example, themagnitude of torsional or rectilinear

Fig. 1 Mechanical systems tuning principle

Fig. 2 Basic block scheme of control circuit
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Fig. 3 Optoelectronic sensor SE-TACHO-PROBE-01

vibration, the noise level of a mechanical system, etc. The twist angle of a pneumatic
tuner can be used for the computation of controlled variable, for example, for the
computation of the load torque transmitted by pneumatic tuner.

Therefore, in our case, the twist angle of a pneumatic tuner is very important
variable. The objective of this paper is to present a contactless device for the mea-
surement of the twist angle of a pneumatic flexible shaft coupling, newly developed
by us.

2 The Hardware of the Contactless Measuring Device

2.1 Optoelectronic Sensors

According to our specific requirements, we use the pair of Dewetron optoelectronic
sensors of type SE-TACHO-PROBE-01 [20] (Fig. 3).

These sensors detect the reflection from reflective black-and-white moving tapes
(see Fig. 3 right). The sensors react to the edges between black and white stripes.
There is a distinct change of electrical output voltage in the moment when the edge is
crossed. These sensors canworkwithmaximal frequency of 10 kHz but the cleanness
of the reflective tapes, cleanness of the optical parts of the sensors and the sharpness
of the edges between black and white stripes must be excellent [20].

2.2 Pneumatic Torsional Vibration Tuner

In the following Fig. 4, we can see the mechanical system of a piston compressor
drive.

Wecan see that the piston compressor (in this case the torsional vibration exciter) is
driven by an electromotor through a pneumatic flexible shaft coupling—pneumatic
torsional vibration tuner (orange-painted). The pneumatic tuner is equipped with



196 M. Urbanský and R. Grega

Fig. 4 Adjustment of a pneumatic tuner in order to use the optoelectronic sensors

black-and-white tapes, which are glued to the circumference of driving and driven
flange of the pneumatic tuner and they are scanned by the pair of the optoelectronic
sensors.

2.3 Multifunctional Module

The multifunctional module has following functions:

1. it serves as power supply for the optoelectronic sensors;
2. it measures the edge-crossing times for both flexible coupling flanges and in our

case, only the edges at the crossings from black to white stripes are considered;
3. it communicates with personal computer (PC), the measured data is sent to PC

in order to further processing in the real-time.

3 Data Measuring and Processing

A dynamic load torque transmitted by a flexible shaft coupling causes the mutual
dynamic angular twisting of the driving and driven flange of the flexible coupling.
The measurement is based on determining the time dependence of the twist angle of
a flexible coupling.

The number of black-and-white stripe pairs for the driving and driven flange
should be equal and chosen with respect to the maximal twist angle of a flexible
shaft coupling and the character of the transmitted load torque. It is also important
that the length of all the black and white stripes should be equal.

The edge-crossing times ti need to be measured, where i stands for the sample
order number. In our case, only the edges at the crossings from black to white stripes
are considered. The times ti are computed from the counted number of impulses from
the counter of a microprocessor. One impulse represents the time 1/14745600 s.
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Considering the times t1i for a driving flange and the times t2i for a driven flange
of a flexible coupling, the time delays �ti can be computed using the following
formula:

�ti = t2i − t1i [s]. (1)

In the next step, the total twist angle ϕc of a flexible coupling can be computed
according to the following formula:

ϕci = π · n · �ti
30

[rad], (2)

where n is the immediate rotation speed of a mechanical system [min−1].
From the total twist angle of a flexible coupling ϕc, its static component ϕstat can

be computed as the mean value:

ϕstat =
∑k

i=1 ϕci

k
[rad], (3)

where k is number of samples. In practice, the floating average method is used for
this computation.

PC performs the computations according to Eqs. (1–3) in real-time. This way,
the controlled variable for the electronic system for pneumatic tuners with auto-
regulation can be computed. It is very suitable for this system, because the torsional
vibration does not directly affect the control device, as in the case of the mechanical
controller solution, e.g., [6, 18].

In the case of our electronic extremal control tuning system, the most suitable
controlled variable seems to be the effective value RMS of dynamic component
Mdyn of the load torque, transmitted by a pneumatic flexible coupling. It can be
measured directly, for example, using torque sensors built in a mechanical system
(Fig. 5).

Fig. 5 Torque sensor built in a mechanical system
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Fig. 6 Scheme for computing the dynamic twist angle of a flexible coupling ϕdyn

Significant disadvantages of the torque sensors which are built in mechanical
systems are their size and relative high price. Their usage is therefore often unsuitable
or even impossible.

In the following Fig. 6, the most suitable way to compute the dynamic twist angle
of a flexible coupling ϕdyn and the twisting angular speed of a flexible coupling ωS is
described. The ϕdyn and ωS signals are subsequently needed for computing the load
torque dynamic component Mdyn transmitted by a flexible coupling.

In Fig. 6, we can see thatω1 andω2 are the immediate angular speeds of the driving
and driven flange of a flexible coupling. These angular speeds can be computed using
following formula:

ωi = 2 · π
x · tpi

[
rad · s−1

]
, (4)

where x is the number of black-and-white stripe pairs and tpi are the times between two
consecutive edge crossings from black to white stripes . Subsequently, by subtracting
the ω2 from the ω1, we get the twisting angular speed of a flexible coupling ωS , but
both the digital signals ω1 and ω2 must be transformed to analog signals using D/A
transducers in advance. By integrating the analog ωS signal, we get the analog ϕdyn

signal, which is the dynamic component of total twist angle ϕc of the coupling.
Our research is focused on the characteristic static and especially dynamic

properties of pneumatic flexible shaft couplings in the long term. We investi-
gate mainly the influence of various factors like static component of load torque,
loading amplitude and frequency, temperature, loading cycles amount, throttling,
gaseous media type, design, etc. on the dynamic properties of pneumatic flexible
shaft couplings, especially on their dynamic torsional stiffness and damping, e.g.,
[6, 7, 9, 11, 12, 16–19].

Therefore, for our purpose of developing the electronic extremal control tuning
system, following computation can be, for example, used with sufficient accuracy
for computing the load torque dynamic componentMdyn transmitted by a pneumatic
flexible coupling:

Mdyn = ϕdyn · kdyn + ωS · b [Nm], (5)
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where kdyn [N m rad−1] is the dynamic torsional stiffness of a pneumatic tuner,
b [N m rad−1 s] is the viscous damping coefficient of a pneumatic tuner.

In the Eq. (5), we can see that the dynamic component Mdyn of the load torque
transmitted by a pneumatic coupling consists of its “flexible part” (ϕdyn·kdyn) and its
“damping part” (ωS ·b).

Therefore, according to pneumatic tuner type and the operating conditions of the
continuous tuned torsional oscillating mechanical system, we are able to take into
consideration the influence of the various above-mentioned factors on the proper
computation of the pneumatic tuner dynamic properties kdyn or b.

4 Conclusion

Every technical solution has advantages and disadvantages. The use of the presented
contactless measuring device for flexible shaft coupling twist angle measurement
provides the following general advantages:

• the dynamic mass properties of a mechanical system are not influenced by
additional masses, because there are not built-in sensors;

• there is no change of overall dimensions of a mechanical system itself;
• it allows the usage for any huge torsional oscillating mechanical systems with very
high transmitted load torques;

• there is no friction between the sensors and a mechanical system;
• it is possible to quick replace the broken, damaged or malfunctioning sensor.

It is also necessary to mention the general disadvantages of the device:

• the device function is very sensitive to dirty the optical part of the optoelectronic
sensor or the reflective black-and-white tape. This issue could be fixed using
similar, for example, magnetic sensors;

• the load torque dynamic component Mdyn transmitted by a pneumatic flexible
coupling is obtained by the indirect computationmethod and therefore its accuracy
is lowered;

• with increasing maximal twist angle of a flexible coupling, the number of samples
per revolution for the computation of the total twist angle of a flexible coupling ϕc

and its static component ϕstat decreases and therefore the accuracy also decreases.

Both our above-mentioned electronic systems for continuous tuning of torsional
oscillating mechanical systems during their operation consist of a hardware part
and a software part. We aim for designing the same hardware part for both the elec-
tronic systems in order to create the universal control system. Considering the above-
mentioned advantages and disadvantages, it seems to be advantageous to incorporate
the contactless measuring device into this universal control system.

Acknowledgements This paper was written in the framework of Ph.D. Student’s and Young
Researcher’ s Project: “Solution of a control system element for mechanical systems continuous
tuning”.



200 M. Urbanský and R. Grega

References

1. Czech P, Wojnar G, Burdzik R, Konieczny Ł, Warczek J (2014) Application of the discrete
wavelet transform and probabilistic neural networks in IC engine fault diagnostics. J VibroEng
16:1619–1639

2. Sapietová A, Dekýš V (2016) Dynamic analysis of rotating machines in MSC.ADAMS. In:
Vavro J, Ondrušová D (eds) MMS 2015, Elsevier Science BV, Amsterdam, pp 143–149

3. Łazarz B, Wojnar G, Madej H, Czech P (2009) Evaluation of gear power losses from
experimental test data and analytical methods. Mechanika 80(6):56–63

4. Homišin J, Kaššay P (2014) Optimal tuning of torsional oscillating mechanical systems. In:
Sevcik L, Lepsik P (eds) 54th ICMD 2013, LNME. Springer Int. Publishing AG, Cham, pp
63–69

5. Vojtková J (2017) Determining and verifying the geometric characteristics of helical grooves
in the worm in planetary toroidal drives in a more effective way. Scientif J Silesian Univ
Technol-Ser Transp 96:197–204

6. Homišin J (2002) New Types of flexible shaft couplings: development-research-application.
Vienala, Košice

7. Homišin J (2016) Characteristics of pneumatic tuners of torsional oscillation as a result of
patent activity. Acta Mechanica et Automatica 10(4):316–323
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uous tuning of ship propulsion system by means of pneumatic tuner of torsional oscillation.
Int J Maritime Eng: Trans Royal Inst Naval Archit 158(A3):231–238
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Profile Design of Groove Cam with Roller
Follower

Ha Van Nguyen and Ladislav Ševčík

Abstract To determine the size of the cam mechanism is an important task of
the cam designer to produce the contour of the cam with high precision. There
are two major factors which affect cam size, the pressure angle and the radius of
curvature. Both of these involve either the base circle radius on the cam Rb when
using flat-faced follower, or the prime circle radius on the camRp when using roller or
curved followers. Therefore, the paper presents the relations between the geometric
parameters and the cam angles of the groove cam mechanism are established. To
calculate each contact point at any instant moment by using the method according
to velocity and geometric relationship of instant velocity centers. Hence the cam
profile was defined by contouring of the contact points. Moreover, a design example
of constant-diameter groove cam is illustrated in this article.

Keywords Groove cam mechanism · Pressure angle · Profile design · Instant
velocity center

1 Introduction

Cam mechanisms are widely used in many types of modern machines because of
their excellent property for operation speed, motion accuracy, structural rigidity and
low production cost. Generally, plate cam mechanisms are only one of the larger
number of the cam and follower combinations and can be classified in several ways:
by type of followermotion, by type of joint closure, by type ofmotion constraints and
so on. According to the motion type, the follower may be translating or oscillating.
The translating follower is simple, common to use and easy to design, the latter is
known to be complicated and quite difficult to design but has less friction and higher
efficiency and work more smoothly. Depend on how the cam and follower contact is
maintained, cam mechanisms can be divided into force-closed and form-closed cam
mechanisms. For kind of force-closed cam mechanism, in order to ensure constant
contact between the cam and follower, an external force is required to be applied.
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This force is usually provided by a spring of sufficient stiffness or sometimes by
an air cylinder. As a result, of the force effect, the driving torque and contact stress
between the cam and follower in the rise are increased; it makes the wear on the cam
and follower. Whereas in the form-closed cam mechanism, contact is obtained by
letting the roller follower run in a cam groove or by using a conjugate condition. So
no force is required to maintain the contact between its cam and follower; therefore,
the contact stress between the cam and follower will consequently be smaller and
the driving torque in the rise can be reduced [1].

In recent years, with the rapid development and popularization of mechanical
products in modern society, it has been such an important question on designing
and producing mechanisms precisely. Besides, with the assistance of numerical con-
trolled manufacture system being widely applied in this time, which are useful tools
for the designer to develop a new type of cam profile. But, the conventional type
of cam profile is usually defined in approximation by lines or curves which have a
bigger error and require more node points, result in chattering of the principal axis. In
fact, the design process of cammust make accurate solutions for precise cam profile.

Therefore, a novel cammodel of Fig. 1 is designed for converting the cam rotation
to a desired output motion of the output shaft. The mechanism is composed mainly
of a rotary input camshaft, a rotary output shaft, a middle part and two balls and
a frame to mount all the parts [2–4]. With this model of the cam mechanism used
two steel balls to transmit rotary motion between two concentric shafts, the main
function of the balls is the transmission force and motion from input camshaft into
output shaft. So when cam works each ball can be easy to move up and down in each
straight groove on the output shaft and middle part corresponding. Moreover, these
balls must move along in the circular groove on the input camshaft.

Due to each steel ball onlymoves up anddown in each straight grooveof themiddle
part. Therefore, each ball plays the role of a roller follower of a cam mechanism,
which means that the cam mechanism model is designed with a pair of followers
for one cam but it is not a type of conjugate cam system. However, two balls always
turn around in the circular groove of the input camshaft, which creates a constant-
diameter between two of the centers of the balls (rollers). In this case, a constant
distance is equal to the diameter of the circular groove on the input camshaft. Hence
the cam mechanism is designed, taking some characteristics of a breadth cam [5].

Fig. 1 From left to right: Cam mechanism model. Shape of input camshaft. Assembly of the balls
in the middle part and input cam
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As mentioned above, the cam mechanism was designed which takes some char-
acteristics of a form-closed and a breath cam, so the cam mechanism gets some
advantages to other cam mechanisms because of following considerations: com-
pared with a force-closed cam mechanism, the mechanism withstands lower contact
stress because it is a form-closed cammechanism and no force is required tomaintain
the contact between its cam and follower; compared with conjugate cam mechanism
in which a set of two cams must be used, the cam mechanism is simpler in con-
struction because only one cam is needed. So, it occupies small space and has lower
cost; compared with a constant-breadth cam mechanism of which the cam profile
should be convex everywhere, the cam mechanism possesses wider adaptability to
the output motion because its groove cam profile could be concave. Another point
in its favor of this model is the cam mechanism used the ball for followers, which
are commonly used in production machinery where their ease of replacement and
availability from bearing manufacturers stock in any quantities are advantages.

In [1], it was shown that themajor drawback of the groove cam is the phenomenon
of crossover shock. Every time the acceleration of the follower changes sign, the
inertial force also does so. This causes the follower to abruptly shift from one side of
the groove cam to the other. Due to the clearance between the roller followers and the
circular groove, even if the clearance is very small, there will still be an opportunity
for the follower to develop some velocity in its short trip across the groove, and it
will impact the other side.With this groove cammodel in Fig. 1, a typically fail at the
points where the acceleration reverses sign, due to many cycles of crossover shock.
Note also that the single ball has to reverse its angular velocity direction every time it
crosses over to the other side of the groove. This causes significant balls slip and high
wear on the roller followers compared to an open. Therefore, the crossover shock
can be reduced or eliminated by improving the cam surface to get high precision to
control the clearance, but it makes the cam tends to be more expensive.

However, until now there are very few publications that can be found in the
literature that addresses the issue of the kinematics of the groove cam. Therefore,
the design of this mechanism remains to be a challenging task. Although the cam
mechanism of Fig. 1 has received some attention from any industrial machine parts
and mechanisms as well as automated machine production and so on.

In this paper, a method for analytically designing the groove cam contour is
suggested. The method according to velocity and geometric relationships at instant
velocity centers can determine the coordinates at contact points easily and correctly.
The results are useful in designing to get a suitable groove cam profile for operating
the mechanism.

2 Materials and Methods

2.1 Kinematic Relationships of Cam Mechanism Design

The groove cam mechanism as shown in Fig. 2 consists of a circular groove cam
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Fig. 2 Instant velocity
center of groove cam with
roller follower

and a ball as a follower. The cam rotates in counterclockwise (CCW) with a constant
angular velocity and drives the follower to translate up and down in reciprocating
motion.

Figure 2 shows the geometry of a circular groove cam and translating roller fol-
lower in an arbitrary position. This shows the general case in that the axis of the
motion of the follower does not intersect the center of the cam. There is an eccen-
tricity ε, which is the perpendicular distance between the follower’s axis of motion
and the center of the cam. Often this eccentricity ε will be zero, making it aligned
follower.

As can be seen in Fig. 2, the axis of transmission is extended to intersect effective
link 1, which is a frame (the ground link). This intersection is instant center I23
(labeled I23), which is defined as a point, common to two rigid bodies (links) in plane
motion that has the same instantaneous velocity in each body.

In otherwords, there is no relative velocity between these two points at that instant.
Thus, one body can be considered to be in pure rotation with respect to the other
about their common instant center. By definition above, the velocity in link 2 (the
cam) and link 3 (the ball followers) has the same value. All points on the follower
have identical velocities Vf, which are equal to the velocity of I23 in link 2. We can
write an expression for the velocity at I23 by cam rotation:

VI23 = bω = ṡ, (1)

where ω is the constant cam angular velocity and the radius b from cam center to I23,
s is the instantaneous displacement of the follower from the s diagram and ṡ is its
time derivative in units of length/sec. Now applying the chain rule with ω constant:
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VI23 = bω = ṡ = ds

dt
, (2)

also, the Eq. 2 can express by

ds

dt
= ds

dt

dθ

dθ
= ds

dθ

dθ

dt
= ds

dθ
ω = vω. (3)

Thus, the following equation is obtained:

bω = vω. (4)

According to Eq. 4 we get

b = v. (5)

From Eq. 5, we conclude that the distance b to the instant center I23 is numerically
equal to the velocity of the follower v in units of length per radian.

2.2 Pressure Angle and Geometry Parameters

Thepressure angleψ is defined as the angle between thedirectionofmotion (velocity)
of the follower and the direction of the axis of transmission [1], as shown in Fig. 2.
As a rule of thumb, we would like the pressure angle has a value as small as to avoid
undesirable levels like as jam, follower sliding or pivot friction. So determining
the pressure angle must be done in design. From Fig. 2, the pressure angle can be
expressed in terms of displacement s, velocity v, eccentricity ε and the prime circle
radius Rp. The construction is shown in Fig. 2. The point E is the intersection of the
arc of radial Rp and the axis of motion of the follower at point E, where the length
e is defined by the distance from link 1 to this intersection. For any chosen prime
circle radius, it is a constant value. From triangle AO2I23:

c = (s + e) tan ψ, (6)

and

b = (s + e) tanψ + ε. (7)

Substituting Eq. 5 into Eq. 7, we obtained

ν = (s + e) tan ψ + ε. (8)

As clear from triangle AEO1
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e =
√
R2
p + ε2 (9)

substituting Eq. 9 into Eq. 8 we get

ψ = arctan
ν − s

s +
√
R2
p − s2

(10)

According to Eq. 10, it clearly shows that the pressure angle depends on the
displacement s, velocity v, eccentricity ε and prime circle radius Rp. Therefore,
when determining cam we need to choose Rp and ε to get an acceptable maximum
pressure angle. If Rp is increased, ψ will be reduced but it makes the size of the cam
is bigger, also increase cost. In general practice, we assume a trial value for Rp and an
initial eccentricity of zero to calculate the values ofψ for the entire cam. Then adjust
Rp and repeat the calculation until an acceptable is found. The value of a pressure
angle desire is to be between zero and ±30.

2.3 Shape Design for Groove Cam

As shown in Fig. 3, a groove cam mechanism is suggested to design, which has a
pair of balls as followers. The cam rotates in counterclockwise at a constant angular
velocity and drives the pair of the followers to translate up and down in reciprocating

Fig. 3 Geometry of groove
cam with reciprocating
follower
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motion. The locus of the center of the followers is called the pitch curve of the cam.
In this case, both centers must overlap over one rotation of the cam.

Hence, the groove cam mechanism must satisfy the kinematic conditions: Roller
followers on upper and lower sides have the same displacement, velocity and accel-
eration. In order to design the groove cam profile to satisfy the kinematic conditions,
instant velocity center for I23 by two followers must be met at the same point [5].
This means that the normal lines at the contact points by the upper ball and lower
ball must pass through the same point. Also, when the cam rotates one revolution,
the position of the roller 1 and roller 2 with respect to the cam is opposite to the
position. Therefore, the eccentricities ε1 and ε2 of the ball 1 and ball 2 have the same
magnitude ε and must be located on both sides of the Y-axis as seen in Fig. 3.

{ |ε1| = |ε2| = ε

ε1 = −ε1.
(11)

For deriving the profile equation of the groove cam, two coordinates systems are
defined, as shown in Fig. 3, where ψ1 and ψ2 represent contact angle at the contact
points C1 and C2, respectively. S(X, Y ) represents a stationary reference system and
Sm(Xm, Ym) represents amobile reference system. The reference system Sm is defined
by the input camshaft rotation angle θ .

Substituting Eq. 5 into Eq. 10, we get the contact point pressure angle for the upper
and lower followers are represented by the following expressions, respectively:

ψ1 = arctan
ν − s

s2 +
√
R2
p − s2

(12)

ψ2 = arctan
ν − s

s2 +
√
R2
p − s2

(13)

The coordinates S(Xc1, Yc1) and S(Xc2, Yc2) of the contact points between ball 1,
ball 2 and groove cam respectively are represented by the following expressions:

{
Xc1 = ε + R f sinψ1

Yc1 = e + s1 − R f cosψ1
, (14)

{
Xc1 = −ε + R f sinψ2

Yc1 = −e − s2 − R f cosψ2
, (15)

where θ is the cam angle and h is the maximum lift of followers with h= s(θ ), which
is the function of the follower.

Therefore, the coordinate of contact points C1 and C2 of the upper and lower
followers in the fixed coordinate systems S are converted into the Sm coordinate
system can be expressed in terms of the displacement S1 and S2 of the followers
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[
mXc1

mYc1

]
=

[
cos θ

− sin θ

sin θ

cos θ

][
ε + R f sin ψ1

e + s1 − R f cos ψ1

]
(16)

[
mXc2

mYc2

]
=

[
cos θ

− sin θ

sin θ

cos θ

][ −ε + R f sin ψ2

−e − s2 + R f cos ψ2

]
(17)

From Eqs. 16 and 17, the whole cam contours are obtained. The method proposed
to design the cam contour in this paper is simple in principle; it does not include
complicated calculations so that which can be suitable for applying in practice of
cam design.

3 Results

An example was used to confirm the design of a groove cam mechanism with the
data given in Tables 1 and 2.

A groove cam rotates in a constant speed and two balls followers move to
reciprocating displacement with double-harmonic function.

The equations for double-harmonic function are given followings:
for the rise

s = h

2

{
1− cos

(
π

θ

β

)
− 1

4

[
1− cos

(
2π

θ

β

)]}
, (18)

for the fall

s = h

2

{[
1+ cos

(
π

θ

β

)]
− 1

4

[
1− cos

(
2π

θ

β

)]}
. (19)

Table 1 Displacement conditions for cam

Segment Cam angle [°] Total angle of
segment β [°]

Motion type [mm] Function

1 0–180 180 12 rise Double harmonic

2 180–360 180 −12 return Double harmonic

Table 2 Design parameters
for cam

Parameters Value

Prime circle radius Rp [mm] 14

Eccentricity(ε)/mm 0

Ball radius (follower) Rf [mm] 3
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The corresponding displacement, velocity and acceleration diagram of groove
cam are depicted in Fig. 4.

Also, the pressure angle at the contact point is shown in Fig. 5, and the maximum

Fig. 4 Displacement, velocity and acceleration of the groove cam

Fig. 5 Pressure angle at the contact point
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value of pressure angle is 21.32°. This value is satisfactory with theory. Hence the
radius of curvature of the groove cam is obtained as can be seen in Fig. 6.

The example used in this study illustrated for a special case of the groove cam,
where the groove cam without eccentricity and also no dwell motion. This means
that the cam will rotate with no rest. The application of the groove cam profile is
given in Fig. 7. However, the 3D model of the groove cam can be obtained by using
CATIA software as shown in Fig. 8.

Fig. 6 Radius of curvature of groove cam

Fig. 7 2D model of groove cam profile
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Fig. 8 3D model of the groove cam mechanism by CATIA

4 Conclusions

The method is based on the geometric and velocity relationship at instant velocity
center is proposed. By using this method, the radius of curvature of the cam contour
and the pressure angle at the contact point is easily obtained, which is significant in
practical cam design to optimize a cam mechanism.
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Abstract The article is directly linked to the article called “Geometric Specification
of Complex Spatially—Oriented and Compliant Components I”. Manufacturers of
complicated and flexible machine parts, particularly in the automotive industry, are
finding themselves in almost insoluble problems when designing TS and preparing
their technical documentation. These problems arise mainly in describing the geo-
metrical properties of technical products in order to ensure their errorless production
and control in sub-suppliers. Unfortunately, GPS standards are not flexible enough
to meet these specific requirements, and from this reason manufacturers or their con-
sortiums respond to this situation by defining their own procedures and regulations
that allow them to solve these problems. However, the negative consequence of this
state is that there is no general agreement and consistency in the description between
the individual internal rules of the firms and this creates considerable problems for
the subcontractors, who cannot properly read the technical documentation and cor-
rectly set up production and control procedures, which can lead in some cases to fatal
consequences. The aim of this paper is to identify these inconsistencies and propose
ways to solve the above-mentioned problems.

Keywords Reference points system · Drawing datum · Degrees of system freedom

1 Introduction

Removal of degrees of system freedom and related fixation of movement of toler-
ance fields of geometric tolerances, determination of exact position of datum and
directions of measurement for complex parts, definition of pressure and free states of
flexible parts, uncertainty of parameter specification in dimensioning and resulting
uncertainty for control and measurement, and a number of other uncertainties are the
impetus for introducing a certain system and establishing clarity in the specifications
of individual GPS parameters.
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2 Reference Points System (RPS)

Reference points can be used to set, ensure the correct position and orientation of
a component. Designing RPS points should primarily be based on an analysis of
how and under what conditions the machine part works and what are its links to the
surrounding technical system and follow the specific purpose of using RPS points.

According to Vaněk and Polák [1], the bases for the use of RPS are defined, their
types are identified and RP designation is proposed in the technical documentation.
Because it is impractical and often unfeasible to provide a full description of the
RP directly at its designation, it is necessary to define the supplementary table in
such a way that it is possible to record all the necessary parameters related to the
RPS definition. In the technical drawing, RP is then marked as defined in [1] and
supplemented by a unique identifier (ID). Figure 1 shows the RPS points on the
drawing in practice. Those are RPS for control on metering machines (CMM). The
marking of point P5ux means that measuring contact track in direction of coordinate
of LCS. Other required point parameters are specified in the RPS table.

2.1 Identification of Parameters Specified in the Drawing

Identifying the specifications on the drawing by dividing the drawing into sectors
by means of the coordinate network has proven to be inadequate and therefore it is
necessary to assign each geometric product specification (dimension, dimensional
tolerance, shape and position tolerance, surface quality, technological processing,
note …) unique code (ID). ID is also assigned to the reference point, line/curve,
surface, coordinate system, etc., but also generalized design/drawing elements—
plane in the drawing space, rotation axis, overall symmetry axis, local structural axis,
areas and curves, and more. ID is given in so-called tears (see Fig. 2), or in rings. The

Fig. 1 RPS points on a technical drawing
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Fig. 2 Identifying
specifications on a drawing

ID of the individual specifications can be then assigned an information envelope,
which as a graphic symbol is capable of transmitting a variety of information in
a visual way. Subsequently, additional information can be added through software
products for managing technical documentation product data management (PDM).

2.2 Reference Points System Parameters Are Specified
in the RPS Table

From Figs. 3, 4 and Table 1, it is possible to trace the considerable inconsistency
of the RPS tables resulting from the above-mentioned problem that the GPS stan-
dards lag behind the requirements laid down in the technical documentation on the
production documentation. This state of affairs is due in particular to new and often
more stringent demands on the characteristics of current technical systems and to
the rapid development of modern equipment to support the design and control of
technical and design processes as well as of the technical systems themselves.

In Fig. 3, we can see a very simplified table for assigning LCS coordinate of the
RPS points. Therefore, the definition is incomplete and the understanding given by
the worthy can occur only from the context of the drawing. In this case, it is RPS
for specifying reference curves for tool making. Since it is a reference element, it is
the theoretically exact coordinates by which the curve reference is passed. Again, it
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Fig. 3 RPS for specifying reference curves (the way used in French firms—(mothers and
daughters))

Fig. 4 RPS for specifying reference curves (mainly used in German companies)
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is not specified how the curve was created. From the context and production of the
shaping mandrel again, it is advisable that the reference centerline of the hose be
composed of a line and tangent arcs whose spatial position and orientation is given
by RPS points. It is not recommended to create a centerline in the CAD system using
a spline curve ⇒ problematic hose production.

In Fig. 4, then we can observe the considerable confusion of the established
definitions and the misunderstanding of the relationship between GPS tolerance and
reference elements. From the context of the drawing, it is clear that the RPS points are
reference points for creating a reference curve suitable for determining and checking
the geometric specifications of the hose. Thus, there is no doubt that the coordinates
of RPS points are theoretically accurate, and the reference curve is theoretically
accurate and lies in a theoretically accurate position in the 3D space. Any geometric
tolerance of the shape and position of this reference curve is not in place here and
everything can be uniquely addressed by established procedures in GPS standards.
The axis of the actual hose is, of course, not theoretically accurate, but lies within a
cylindrical tolerance field defined by the position tolerance of the respective reference
element or the tolerated surface shape.

Table 1 is the most sophisticated RPS table used in the technical practice. The
first point is referred to as the reference point for the LCS location. The CMM then
proceeds from the direction of all three coordinate axes, and all three results must
conform to the specifications. Since this is a reference point, it is an element located
in the theoretically accurate position and therefore the coordinate tolerances are zero.
The second point is in general tolerances and has the shape of the F 5 × 5 add-on
area. From this, it can be deduced that this is not a point suitable for construction
gauges, LER and/or the measuring device, but a point suitable for the construction
of cubings [1]. The third and fourth points are measured points. It is different that
point 3 has coordinate tolerances and point 4 has geometric tolerances. Again, it is
not explicitly specified what type of point it is and what purpose it is intended for
and what its use or purpose is. Also, surface tolerance and tolerance field tolerance
are of no use since they are only points.

2.3 New RPS Table Proposal

We are trying to solve the problems of existing solutions by proposing a new RPS
table (see Tables 2 and 3), which already respects the current needs of technical
practice and respects the RPS proposal set out in [1]. The RPS definitions given in
[1] are respected and projected into the table header. It should be stressed that such
an unplanned RPS point will allow to solve a number of problems that the current
system of standards for technical documentation cannot solve satisfactorily. It is
important to note that if the introduced tolerance or geometric position of the RPS
point is not a reference node but a point for measurement and control.

Function and control dimension GPS point (based on FUN—SPEC/MAN—
SPEC)
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Table 3 RPS supplementary table—proposal of the new table

Identification code Feature type Feature label

ID_F FType FLbl

1 Directional vector
−−→
DVn

Line segment LSR f/Ms
n

Line straight LStr R f/Ms
n

Offset line O f sBaseLinen

Arc tangent curve ArcTCR f/Ms
n

Spline (NURBS) SplCR f/Ms
n

m Offset curve O f sBaseCurve
n

RPS—controlling Pna— primary NP

P1 P2 – Pn – Pm

Nodal Points
(NP)

P1a – – [Pnb] – –

Collinear DV
(note)

[✓] – – [✓] – [✓)

NP P1a [P2end ] – – – [Pmb]

NP – [P2] – Pn – –

OfsP – [P2] – – – –

NP/ [RPi ,Ps
T ] [

P1/R
Pi ,Ps
T

] [
P2/R

Pi ,Ps
T

]
–

[
Pn/R

Pi ,Ps
T

]
–

[
Pm/RPi,Ps

T

]

NP and smooth
points

P1 P2 – Pn – [Pm ]

OfsP – [P2] – – – –

Courses
LCS/TCS

Segment
length

Offset
distance

Offset
gaptype

Spline
curvature
type

∝LCS/TCS
i β

LCS/TCS
i γ

LCS/TCS
i SL OfsD OGT SCT

[α] [β] [γ ] – – – –

– – – – – – –

[α] [β] [γ ] [SL] – – –

– – – – – – –

– – – – [OfsD] 0/1/2 –

– – – – – – –

– – – – – – 0/1/2/3

– – – – [OfsD] 0/1/2 –

(continued)
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Table 3 (continued)

Structural plane modifiers Tolerances

StPM GTol

T

T APrRef BPrRef C f

APrRef BPrRef CPrRef

Note Assign the collinear DV to smooth out points

• CTF—Technical and Functional Characteristic of the final product, compliance
with which ensures that the product meets all the requirements specified in the
technical specification.

• CSE Definition of a Monitored Essential Characteristic. Based on the CTF
list, related customer risks, provisional or known complexity of processes and
variability, the supplier proposes a CSE list.

3 Conclusions

The proposed system allows not only to specify RPS points more precisely but also
to created reference or measured structural elements. These elements can be not only
basic lines, segments, curves, planes (see Table 4) but also directional vectors and
planes and structural planes (see Table 4). Furthermore, Structural Plane Modifiers
(see Table 4) are defined, which allow for a wide variety of structural planes. Another
option is to create boundaries of existing surfaces. The boundaries in this case may
have any shape and direction in 3D. Obviously, in a similar way as the line elements
are defined (see Table 4), it is also possible to define flat elements. This problematics
already exceed the scope of this contribution and is therefore no longer mentioned
here.
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Table 4 Definition structural
planes using RPS elements.
The meaning of images in
CAD systems is given in [2]

Plane Definition

Creates the construction plane passing through
selected FType

The median plane of the torus ID_X

Tangent to the surface ID_Xa across the edge ID_Xb

Normally to the curve ID_Xa at the point ID_Xb

Normally to axis ID_Xa through point ID_Xa

Offset from plane ID_X

Angle to the plane ID_Xa along the edge ID_Xb

Tangentially to the surface ID_Xa via RPS point
ID_Xb

Center plane between two planes ID_Xa a ID_Xb

Parallel to the plane ID_Xa through the RPS point
ID_Xb

Construction plane passing through three RPS points
ID_Xa,b,c

Tangent to the surface ID_Xa and parallel to plane
ID_Xb

Two coplanar edges ID_Xa a ID_Xb
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Unconventional Carbon Springs

Milan Benko, Ĺuboš Kučera, Tomáš Gajdošík and Michal Herda

Abstract The purpose of this contribution is to invent new spring, which will be
made of carbon woven material. In this case, we examine spring properties in FEM
software intended for testing of composite materials. This research is based on the
need of special lightweight spring, which will have long length of compression and
excellent resilience. Design of this unconventional spring we want to use as spring
with damper in our project for extremely terrain lightweight vehicle. We designed
two types of springs. First is made of corrugated carbon strip aligned into square and
second is helical conical compression spring of rectangular wire. These springs were
tested for themaximum load of 2000N andwemonitored the stress and deformation.
Both springs were also tested with different angle direction of forming layers. The
article wants to find new field of usage of carbon material through good elastic
properties in spring sphere.

Keywords Carbon spring · FEM analysis · Compression · Resilience

1 Introduction

The usage area of carbon compositematerials is day by daywider andwider. Problem
with this kind of material is in their price and expensive cost of production [1]. Cost
of it going to be stable for few years. But sphere of research of carbon construction
should become less expensive thanks to FEM analysis computer software [2]. It is
also the aim of this study to design new shapes of springs which will be made of
carbon material. After design phase, the springs will be tested in FEM software with
compressive force. Values of pressure stress and deformation show us the limit of
proportionality and so we can find out the resilience of newly designed springs. This
can help in the phase of development and design to confirm if the carbon should be
satisfying material in the field of springs or not. Also, this study wants to invent new
spring shapes that were never used before and see their properties. In the end, we
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will be able to design carbon spring parts, which can stand the operating load based
only on simulation results.

2 Methods

For the purpose of the study was used ANSYS Workbench for FEM analysis [3].
For clarification, we used module static structural for load tests and ACP module
to define direction of angle arrangement of each layer of carbon material [4, 5].
Material of the fabric used for study purpose was epoxy carbon woven prepreg. This
material has different properties at different direction. For example, our chosen one
has at X and Y direction Young’s modulus 61,340 MPa and in third Z direction has
6900 MPa. Ultimate strength for this material is declared at 230 GPa. But we tested
similar material before on real physical tests and we found out that this number is far
from true. Selection of prepreg material is based on technology of manufacture for
our springs. We designed shapes that should be made with this kind of technology,
because prepreg means that fabric is pre-impregnated with a resin system. Resin is
mostly epoxy. Prepreg is ready to lay into mold without the addition of any more
resin. In order for the laminate cure, it is necessary to use combination of vacuum,
pressure and heat during process of curing the carbon fibers in the furnace.

First set (see Fig. 1) of material layers is for final thickness of 1 mm and contains
5 layers of carbon woven. It means that each layer measures 0.2 mm and each layer
has different angle direction. In this case, it was from bottom to top surface 0°, 90°,
0°, 90° and 0°. The fibers are arranged in consideration of the applied load. So layer
of 0° angle direction is parallel to compressive force and layer of 90° angle direction
is perpendicular to this force.

Second set (see Fig. 2) of material has thick of 1 mm and consists of 5 layers.
From bottom to top surface, it is 45°, −45°, 45°, −45° and 45°.

Third set (see Fig. 3) of material is also thick of 1 mm and consists of 5 layers.

Fig. 1 Angle direction of layers for first set
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Fig. 2 Angle direction of layers for second set

Fig. 3 Angle direction of layers for third set

From bottom to top surface, it is 45°, 25°, 90°, 75° and 45°.

3 Results

3.1 A Spring of Corrugated Strip Carbon Parts

First design of spring is made of more parts. Flexible element of spring is created
by a wavy strip, which has the similar shape as corrugated sheet. That comparison
is just for imagination. These strips made of carbon are inserted into circular plates
with rectangular holes, where holes are made near the edge. Plates serve as a solid
component of spring and define a trajectory of compression. Circuit arrangement
of strips allows to put a damper in the middle of the circular plates. Damper is not
shown in simulation pictures. Geometry of the spring is shown in the picture. Length
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of this spring is 50 cm, and we are going to see the different compression between
different angular configuration of fibers of carbon strips during the same load force.

Figure 4 is shown springwith usage of first sublaminate configuration of angles 0°,
90°, 0°, 90° and 0°. It is case where load force was 2000 N, which was the maximum
load for this springs tests and we can see the final compression as a deformation
of 77.75 mm. At this point, the stress of material was 1189 MPa and, it is far from
strength limit. We know from previous research that the carbon should stand the big
loads as this, but on the other hand, we recognize the limit of first fiber cracking
somewhere around 400 MPa. That means surface layer was completely all right, but
inside the material some fibers crash.

Next specimen (see Fig. 5) contains sublaminate configuration of angles 45°, −
45°, 45°, −45° and 45°. It is an universal arrangement of layers, and it is most used
layout for carbon parts in the world. At the maximum load of 2000 N, we can see
the compression of 92.92 mm and stress was 1182 MPa. In comparison with the
first specimen, we get longer compression about 15 mm and lower stress of material
about 7 MPa, but it’s almost the same if the stress is so big.

Third test simulation (see Fig. 6) was done with sublaminate configuration of
angles 45°, 25°, 90°, 75° and 45°. Compression of spring was 90.7 mm during
maximum load of 2000 N. In comparison with the second test, the compression is
smaller of 2 mm, but we get better stress. Value of stress was 1157.6 MPa so we
save 26 MPa (see Fig. 7). So this seems to be large field of research, how to adjust

Fig. 4 Spring compresion of
sublaminate 1
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Fig. 5 Spring compression
of sublaminate 2

Fig. 6 Spring compresion of
sublaminate 3
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Fig. 7 Equivalent stress of
sublaminate 3

the right angle configuration for specific load. As we can see if we mix the angle of
fibers, we can get better condition from this material as with usual 45° angle. Size
of load was chosen on base of conditions for our project of all-terrain vehicle for
extreme usage.

3.2 Helical Conical Compression Spring of Rectangular Wire

This shape of spring is based on helical conical compression spring. At this case,
the conical wire has rectangular cross section and is wounded in vertical position.
Width of wounded strip is 30 mm and thickness is 1 mm as it was described before.
Greater thickness should be too strong for elastic purpose of use as a spring. Thicker
wall should be better, but we find out that this wall thickness can be sharp as blade
and the usage will be dangerous [6].

The first test spring (see Fig. 8) has sublaminate configuration of angles 0°, 90°,
0°, 90° and 0°. It is case where load force was 2000 N, which was the maximum
load for this springs tests and we can see the final compression as a deformation
of 20.54 mm. At this point, the stress of material was 292 MPa. The deformation
and stress increased linearly. That means during half load of force 1 000 N the
deformation was 10.2 mm and stress von misses was 146MPa. This in fact is feature
of carbon material [7].

Second test simulation (see Fig. 9) was done with sublaminate configuration of
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Fig. 8 Spring compresion of
sublaminate 1

Fig. 9 Spring compression
of sublaminate 2
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Fig. 10 Spring compresion
of sublaminate 3

angles 45°, −45°, 45°, −45° and 45°. Compression of spring was 14.85 mm during
maximum load of 2000 N. In comparison with the first test, the compression is
smaller around 5.5 mm, but we get better stress. Value of stress was 283 MPa so we
save 9 MPa to the detriment of shorter compression.

Last simulation (see Fig. 10) contains sublaminate configuration of angles 45°,
25°, 90°, 75° and 45°. At the maximum load of 2000 N, we can see the compression
of 16.69 mm and stress was 309.13 MPa (see Fig. 11). In this case, we get the worst
results: shortest compression and biggest stress. It is interesting because first spring
made of carbon strips had with this angle arrangement the best result and on the
other side for this helical conical spring is material with this kind of structure totally
useless [8].

4 Conclusion

The evidence above shows that different angular configuration of carbon fibers in
material should improve the material features. As we could see the first spring made
of elastic carbon strips had best properties with sublaminate of 45°, 25°, 90°, 75°
and 45°. This mixture was designed by us to try to find different layers with good
conditions for our purposes [9]. However, what we did not expect was that our
angle configuration failed during testing conical helical spring. Better properties
had material with angles of 0°, 90°, 0°, 90° and 0°. It follows that every specific
component should have its own structure depended on load and carbon should be
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Fig. 11 Equivalent stress of
sublaminate 3

used in future in field of making springs to save weight and to get better features
[10].
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Impact of the Spin Cycle on the Acoustic
Power Level of a Washing Machine

Marek Bisták, Štefan Medvecký, Michal Belorit and Ján Ďungel

Abstract This contribution describes the impact of the spin cycle of a washing
machine on its acoustic power level and examines the adverse effects occurring
during the spinning. Such effects result in an increase in the rated acoustic power level
shown on the rating plate of a particular major appliance type. To enable an objective
assessment of this problem, a series of measurements is required since many of those
effects are accidental and occur sporadically. The rating declaration for a particular
type of washing machine is based on three repeated measurements made on three
sample units. The measured values are then used in the final calculation according
to the relevant standard, in a manner that allows the repeatability of measurement.
The wash cycle ends with the final water discharge, which is followed by a series
of spin phases at different speeds and varied drum imbalances. The test code for the
determination of airborne acoustic noise foresees the specification of a 50-second
interval of the acoustic power maximum profile for use in the declaration calculation.
If the measured acoustic power levels differ between the repeated measurements, it
can reasonably be supposed that an unwanted effect is present that needs to be
identified and eliminated to avoid a further increase in the total acoustic power level
of the washing machine during the spin cycle.

Keywords Acoustic diagnostics · Source of noise · Declaration measurement

1 Introduction

Comparing or analyzing the acoustic performance of an automatic washing machine
during operation is a very difficult assignment, which is particularly due to changes
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in the operating conditions of the appliance. During a spin cycle, the drum stops and
then restarts to take up speed, which causes the redistribution of laundry in the drum.
The highest speed is reached during the last spin phase at the end of the cycle and
it is, therefore, necessary to minimize the imbalance of the drum during that phase.
Further, it is also important to ensure that water is drained from the machine at the
right time and that the spinning frequency is not identical to the intrinsic frequencies
of the washing machine [1].

2 Design of Experiments for an Objective Assessment
of the Effects Occurring in the Different Phases of a Spin
Cycle

The measurements were performed in a certified acoustic laboratory (Fig. 1), and
their aim was to assess the acoustic noise emissions generated in the different phases
of a spin cycle. The acoustic noise emissions measurement is mentioned in [2, 3].

Measurements conditions [1]:

• Laboratory: Anechoic acoustic chamber
• Measuring system: PULSE system, B&K 3053-B-120
• Microphones: B&K 4190
• Calibrator: B&K 4231
• Accelerometers: B&K 4517
• Weight of laundry: 5.02 kg
• Acoustic camera: Noise Inspector
• Appliance program setting: Spin 1200 rpm.

3 Declaration Measurement

The procedure involves three repeated measurements made on three sample units.
The values for the wash and spin cycles are recorded separately and, after evaluation,
entered in the rating plate. The final spin cycle comprises a number of phases during
which the drum reaches the spin speed, water is discharged and the drum stops. After
each phase, a drum balancing system is activated whose function is to achieve an
even distribution of laundry over the circumference of the drum.

During the spinning action with the maximum acoustic power level, a 50-second
steady-state interval is taken and the noise values from this interval are used in the
final report. The interval normally corresponds to the maximum spin speed. If this
is not the case, it is an indication of a spinning action-related problem. The proper
diagnosis and elimination of the problem will lead to a reduction in the overall
acoustic power level.
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Fig. 1 Position of the washing machine within the anechoic chamber

Figure 2 shows the acoustic power profile for the four phases of the spin cycle. The
measured imbalances of laundry weight distribution in the drum vary at the different
speeds between 0.28 and 0.82 kg. The maximum acoustic power profile over the
50-second interval was recorded during the second spin phase (650 rpm), while the
target interval should be associated with the last spin phase at the maximum speed
of 1170 rpm (Fig. 3).

Fig. 2 Acoustic powers at different spin speeds



238 M. Bisták et al.

Fig. 3 Specific one-third octave FA at the second and third final spin phases

The one-third octave frequency analysis indicated that a certain proportion of the
increase in total acoustic power was caused by frequencies around 4000–5000 Hz,
while the variation of imbalances of the drum assembly occurring in the different
spin phases was low (Fig. 3).

Placed appropriately on the washing machine drum assembly (Fig. 4), the sensor
measured speeds with an error of 0.6% and laundry weight distribution imbalances
with an error of ±0.01 kg.

It clearly follows from the comparative measurements (Table 1) of the washing
machines 1, 2 and 3 that an increased drum imbalance generates a higher acoustic
power level at the maximum spin speed. From measurements 7–9 for the washing
machine 3, the drum imbalances were similar, and so were the resulting total acoustic
power levels (Fig. 5).

With laundry evenly distributed over the circumference of the drum, noise during
the spinning is strongly supposed to decrease as much as 1.7 dB(A), as seen between
the measurements 6 and 9.

Fig. 4 Sensor placement on
the drum assembly
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Table 1 Result of measurement comparisons

Measurement Washing
machine

Load Weight
imbalance
(kg)

Drum speed
(rpm)

Acoustic
power level
(dB(A))

1 1 Laundry 0.21 1163 73.9

2 1 Laundry 0.33 1163 73.2

3 1 Laundry 0.64 1163 74.6

4 2 Laundry 0.28 1163 74.1

5 2 Laundry 0.43 1163 74.5

6 2 Laundry 0.12 1163 73.2

7 3 Laundry 0.47 1163 74.7

8 3 Laundry 0.5 1163 74.6

9 3 Laundry 0.59 1163 74.9

Fig. 5 Total acoustic power at the different imbalances of laundry in the drum at maximum spin
speed

Measures aiming to optimize an existing product (reduction of frame stiffness,
replacement of mufflers and springs, use of smaller sheets for the housing, etc.)
[4] may reveal various acoustically relevant defects that were not detected at the
development stage. Such defects may be driven by cost-saving goals, since with
the large-series production involved, even a small saving has a substantial impact
on the total annual manufacturing costs. Many product models made by the same
manufacturer feature a very similar, if not even identical, structural design [5]. As a
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result, most washing machine manufacturers resolve any detected major imbalances
occurring during the spin cycle by reducing the spin speed to avoid worsened noise
performance of the products. The methods and accuracy of detection of laundry
weight distribution imbalances, as the critical factor, and of the spatial distribution of
laundry in the drum are very important elements in reducing the noisiness of washing
machines. During washing, as laundry tumbles in the drum and the rotating speed
increases, the centrifugal force causes the laundry to spread over the circumference
of the drum [6–8]. The distribution of laundry in the drum is random, and this effect
occurs several times during the spin cycle. After each spin phase, the drum stops and
then restarts to spin with different laundry imbalances, as shown in Fig. 2.

Figure 6 indicates the one-third-octave band of the washing machine 1 at different
weight distribution imbalances with laundry positioned mostly centrally in the drum
at 1163 rpm. The recorded spectrum frequency shift indicates that a growing weight
imbalance drives higher frequencies, tending to approach 1600 Hz. A significant
frequency shift, from the 125 and 160 Hz regions to levels close to 200 and 250 Hz,
was observed at the weight imbalance of 0.64 kg.

The best practice is using a special microphone set for the detection and identi-
fication and an acoustic camera for the subsequent graphical representation of the
acquired acoustic data along with the object being measured. The acoustic camera
record may reveal numerous faults of the appliance (such as insufficient contacts
between the washing machine housing parts and assembly errors) which contribute
to the noisiness of a washing machine. Figure 7 indicates that at 630 Hz, acous-
tic energy is transmitted through the front door where the water discharge pump is
placed. As soon as all such faults are cured, it is possible to proceed to designing
noise control measures; it should be noted that besides the frequency spectrum that
clearly determines the noise damping material to be used, another important factor in
noise control is the paths by which sound is transmitted from the appliance. This will

Fig. 6 “Specific” one-third octave FA and the resulting acoustic power values in dB(A) at different
imbalances of the washing machine 1
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Fig. 7 Record ofMeasurement 1 for the washingmachine 1, made by an acoustic camera at 630 Hz

prevent loss of materials for the manufacturer, in addition to allowing many effective
combinations, such as for the placement of soundproofing insulation on the panel of
the product.

4 Conclusion

The maximum acoustic power level observed during the spin cycle was 76.2 dB(A)
at 650 rpm. During the final spin stage, at the spin speed of 1170 rpm, the acoustic
power level of 72.7 dB(A) was achieved.

The analysis of the two spin cycles revealed that most of the increase in the
acoustic power level was not due to laundry imbalances, but due to insufficient water
discharge, causing the accumulation of a “water ring” around the drum. This causes
frequency to rise to 3000 Hz, as shown in Fig. 3, which significantly contributes to
the higher overall acoustic power value.

A large drum assembly imbalance was observed during the third spin phase and,
therefore, a modification of the balancing system has been proposed to prevent the
occurrence of laundry weight distribution imbalance exceeding 0.5 kg, which was
observed during the third spin phase. If this value was achieved during the final,
high-speed spin cycle, a substantial increase in noisiness could be expected.

It can reasonably be assumed that if these undesirable effects are eliminated
by modifications of the program of the appliance, the standardized section of the
maximum acoustic power level will correspond to the highest-speed spinning action
occurring during the final spin stage.

The random distribution of laundry in the drum has a significant impact on the
overall noisiness of the washing machine during the spin cycle. Measurement devi-
ations will increase along with growing imbalances of the drum during the spinning
action, which may lead to the declaration of a higher acoustic power level in the
rating plate of the appliance. This may adversely affect the sales of the product. It is,
therefore, advisable to make efforts to improve the accuracy of weight distribution
imbalance detection before the spin cycle and ensure that before taking up speed for
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the SPIN cycle, the washing machine first distributes the laundry weight in the drum
as evenly as possible.
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4. Bisták M, Medvecký Š, Kohár R, Hrček S (2016) The jib crane structural design using the TRIZ

method. In: ICMD 2016: book of proceedings of the 57th international conference of Machine
design departments, Železná Ruda, Czech Republic, pp 9–14. University of West Bohemia in
Pilsen, Pilsen
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Sensor for In-time Identification of Deep
Core Drilling Parameters

Martin Dub and Vojtěch Dynybyl

Abstract The deep core drilling has currentlywide application—construction drills,
geological exploration, drills for measuring pendulums in dams, etc. It is very impor-
tant and useful to know the drilling process parameters precisely. Themost important
is the used torque, pressure and rotation speed of the drilling machine necessary for
the optimal drilling process. These parameters depend on the strength of the drilled
material, for example, rock, sand, clay, etc. and of course on the drilled diameter
and applied pressure. In-time identification of the drilling parameters enables the
optimization of the drilling process directly during the performance. Furthermore, it
can serve for the real data acquisition, which could be used for later drilling planning
in similar geological environment. Obtained data are also very useful for designing
new drilling machines. They could be designed according to their future usage to
the optimal performance. This contribution deals with the design of the new sensor
for in-time identification of above-mentioned core drilling parameters. The sensor is
based on the strain gauge measurement and enables online monitoring of the drilling
process. The measured data are also stored and could be post-processed in longer
time context to obtain also the drilling capacity of the drilled material.

Keywords Core drilling · Sensor ·Measurement · Strain gauge ·Monitoring ·
Process optimization

1 Introduction

The deep core drilling has currentlywide application—construction drills, geological
exploration, drills for measuring pendulums in dams, etc. [1]. It is very important
and useful to know the drilling process parameters precisely. The most important is
the used torque, pressure and rotation speed of the drilling machine necessary for
the optimal drilling process. These parameters depend on the strength of the drilled
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material, for example, rock, sand, clay, etc. and of course on the drilled diameter
and applied pressure. In-time identification of the drilling parameters enables the
optimization of the drilling process directly during the performance. Furthermore, it
can serve for the real data acquisition, which could be used for later drilling planning
in similar geological environment. Obtained data are also very useful for designing
new drilling machines. They could be designed according to their future usage to
the optimal performance. This contribution deals with the design of the new sensor
for in-time identification of above-mentioned core drilling parameters. The sensor is
based on the strain gauge measurement and enables online monitoring of the drilling
process. The measured data are also stored and could be post-processed in longer
time context to obtain also the drilling capacity of the drilled material.

2 Methods and Materials

2.1 Concept Design

The designed sensor should be able to identify the drilling parameters—torque,
pressure and rotation speed. These quantities will be wirelessly transmitted to the
device for displaying and storing, usually the laptop or tablet. The concept sketch of
the sensor usage can be seen in Fig. 1.

At first, it is necessary to analyze the types of drilling machines which should
be used in combination with the designed sensor. This range of machines is given
by the cooperating company drilling hardware but it could be easily extended for
other types of drilling machines to get the universally usable sensor. All the scoped
drillingmachines are used for core drilling. The drill bit is connected with the drilling
machine bymeans of the rod system. The output of the drilling head is usually formed
by the hollow shaft with inner hexagon 55 mm. Single drilling rods are connected
also by the inner and outer hexagon 55 mm and they are axially locked by the pins,
see Fig. 2. These drilling rods have various lengths according to the used drilling
machine. Hexagonal joint is typical for core drilling and it should not be changed.
That is why the new sensor is designed to be compatible with this type of connection.

As it was mentioned, the main goal is to identify the drilling parameters—torque,
pressure and rotation speed. Strain gauge measurement will be used for torque and
pressure identification. The deformation member has to be designed and tested. This
deformation member is to be in accordance with the connection type because it has
to be a part of the drilling column. It has to satisfy the limited installation dimensions
including the protective case for the electronic parts of the sensor.

The deformation member is designed with an emphasis on maximum simplicity
and robustness because of the demanding conditions during the drilling process. It
is designed by the hollow tube with welded inner and outer hexagon (see Fig. 3)
for the interconnection with the drilling head and the rest of drilling column. This
solution should not influence the strength and stiffness (both torsional and axial) of
the drilling column.
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Fig. 1 Concept sketch of the designed sensor usage including the drilling machine

2.2 Data Acquisition and Telemetry

Measurement of the torque is realized bymeans of the foil strain gauges connected to
the Wheatstone full bridge to get the maximum sensitivity and temperature compen-
sation. Axial force, especially the pressure, is measured also by the strain gauges. For
this purpose, the Wheatstone half-bridge is used. For measuring the rotation speed,
a Hall probe is used. Measured data have to be processed, wirelessly transmitted and
also stored. To fulfill these goals, special data logger is developed (further designa-
tion LPDR) in cooperation with the company CleverTech. Furthermore, the LPDR
has to have compact dimensions and low consumption of electric power. LPDR can
be seen in Fig. 4.

The LPDR is set to three-channel acquisition with sampling frequency 500 Hz per
channel. The number of channels can be increased up to five channels with sampling
frequency up to 1 kHz. The power voltage of the LPDR has to be from 3.3 to 5 V.
The telemetry is realized by means of the Digi XBee 2.4 GHz transmission. The size
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Fig. 2 Drilling rods—connection by means of the inner and outer hexagon

Fig. 3 Deformation member
of the designed sensor
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Fig. 4 Special data logger
(LPDR) with XBee receiver
for data acquisition,
transmission and storage

of the LPDR is 70× 55 × 25 mm with weight approximately 165 g. Measured data
are processed, transmitted and also stored on the micro SD memory card. Measured
quantities are transformed into the corresponding units of torque, axial force and
rotation speed. These data can be then immediately and easily evaluated by the
drillingmachine operator, and according to this, the drilling process can be optimized.

3 Results

Before the manufacturing the deformationmember the laboratory testing was carried
out. The main goal is to verify new hardware LPDR and also test the sensitivity. For
this purpose, the torque measurement was chosen. Test deformation member is man-
ufactured from the part of used drilling rod. It is the hollow tube with outer diameter
76.5 mm and thickness 6 mm. Foil strain gauges HBM XY41-6/120 are installed
in the full-bridge arrangement on the deformation member to measure torsion, see
Fig. 5. The test deformationmember is then embedded into the test rig for pure torque
loading, see Fig. 6. This rig works on the lever principle.

The weights of 19.8 kg are hung up on the 1 m long arm so the torque up to
the approximately 1100 Nm can be produced. Loading torque is measured by the
LPDR and by the National Instruments PXI-1073 system as a verification. The raw
data acquired both by the LPDR and NI PXI-1073 are recalculated into the torque
according to the following formula:

Mk = 2WkGU

kUb
, (1)

whereWk is the torsional constant,G is the shear modulus,U is the indicated voltage
of the bridge, k is the k-factor of the strain gauges and Ub is the excitation voltage
of the bridge.
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Fig. 5 Strain gauges for torsion measurement connected to the LPDR

Fig. 6 Test rig for the torque loading

4 Discussion

There is a very good agreement of the torque measured by means of LPDR and NI
PXI-1073measuring system, see Fig. 7. Only small difference,maximum3.9%, from
the analytical calculation occurred. This deviation is caused by the imperfection of the
tube inner diameter, because even very small difference of the diameters will strongly
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Fig. 7 Comparison of calculated torque and measured values by means of LPDR and NI PXI-1073

influence the torsional constantWk . Test deformation member is manufactured from
the old drilling rod, which has very rough and rusted inner surface. The machining
of this surface would have been very complicated. New deformation member will be
manufactured for the final sensor so that very small deviations are supposed.

5 Conclusions

The new concept of the sensor for in-time identification of deep core drilling param-
eters was introduced in this proceeding. This sensor can serve for the optimization
of the deep core drilling process and also for long-time data acquisition. These data
could help in designing new drilling machines in the future. The basic design and
verification experiments are actually done. Further work will focus on the final defor-
mation member design and also on the design of the protective cover. After that, the
sensor will be tested with various drilling machines in various geological areas to
prove its versatility.
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The Energy Assist for the Electric Car
Edison

Igor Gajdáč, Tomáš Gajdošík and Ján Šteininger

Abstract One of the biggest barriers to the development of electromobility is the
fear of people, because electric car has a significantly shorter range than conventional
car. In modern electric cars to reduce electricity consumption and the range, complex
technologies are used as energy assist. The intelligent energy assist role is to optimize
the way of driving to minimize energy consumption by means of video and audio
communications with the driver. The energy assist is not only predicting the range
calculated from the difference between the received and consumed energy. Energy
assist controls, manages, updates, and communicates with the electric car driver.
It even foresees a compromised run to the nearest charger, so the driver warns and
proposes austeritymeasures. Energy assist performs the tasks before driving, and then
throughout the drive to the charging station. The aim of our research and development
is the energy assist of the electric car driver.Modern components in theEdison electric
car, built at theDepartment ofDesign andMechanical Elements, enable the collection
of a wide range of data, allow for changing set parameters, monitor their impact on
energy consumption and measurements on the roller dynamometer, and verify the
change of parameters on the road in various driving and climatic conditions.

Keywords Electric car · Energy assist · Edison

1 Introduction

Rangeof electric car has longbeen considered amajor barrier in acceptance of electric
mobility due to electric car having a significantly shorter range than conventional
car. The range of electric car influences not only the design of the car but also driving
style and operational factors. The main design factor is battery capacity. On the other
hand, battery size influence car curb weight and price. Right size of battery pack can
also extend range. If electric car is using, for example, to commute to work and daily
route not exceed 50 km it is wasteful using electric car, for example, with 24 kWh
battery pack because for 50 km distance can be used electric car with half battery
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capacity. The electric car is then lighter and has lower electric energy consumption.
Nowadays modular design is becoming new trend. The modular design allows the
customer to choose the appropriate size of the battery pack. Climatic conditions have
significant impact to the electric car range. The range is decreasing with extremely
low or high temperatures. This problem is manufacturers trying to reduce by using
various cooling or heating systems for battery packs. Manufactures of electric car
sometimes use an electric pre-heat function to warm up the battery during charging.
Technical condition of the car is also important especially accurate tire pressure. The
range affects also using of comfort features such an air condition or heating. The
driving style has significant influence to the electric car range. Although electric car
and car with internal combustion engine may appear to be identical, drivers must
adjust their driving habits to fit the different mode of driving required by the electric
car. It is beneficial using coasting or recuperation of kinetic energy during braking.
One of the possibilities of how to influence the driving style is a system which gives
driver the information on how to behave in order to reduce energy consumption and
extend range. Such a system is currently developing at the University of Žilina. The
modern electric car has only systems that evaluate driving style. The proposed system
will inform driver how to change driving style immediately.

2 Energy Consumption Monitoring in Electric Car

Energy consumption monitoring of the electric car can be divided into three groups
of indicators [1].

• Design indicators—the most important negative indicator is weight which can be
affected during the car design,

• Operational indicators—to some extent can influence the driver, for example, if
intelligent trafficmanagement system helps himwith the choice of optimal route in
heavy city traffic, then it is the impact of climatic conditions and the environment
character in which the electric car moves,

• Driver impact—to the range of the car and recommendations: driving style (mini-
mizing unnecessary braking and acceleration, which are the most critical in terms
of consumption, smooth driving, suitable distance behind the car, using recuper-
ation, and coasting), preparing car for drive (removing useless load-weight, tire
pressure monitoring, care of the technical condition, and itinerary of charging sta-
tions), and use of electrical equipment of the car (wise use of air conditioning,
heating, and other electrical devices) (Table 1).
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Table 1 Breakdown of consumption monitoring indicators

Design indicators Operational indicators Driver impact

Influence on road resistors Design structure of
modules

– Overcrowded city traffic
– The road surface
– Select a rout
– Climatic conditions

– Driving style
– Preparing car for drive
– Use of electrical
equipment of the car

Rolling resistance:
– Car weight
– Tire design
– Road quality
Air resistance:
– Aerodynamic shape
– Driving mode
Climb resistance:
– Car weight
Resistance to acceleration:
– Car weight

Pre-rated battery capacity:
– Weight
– Price
– Product life
Incorrect choice of
components:
– Low efficient energy
recuperation

– Little power
– Minimal compatibility

Additional power sources
to extend the car range
– Energy recuperation
– Energy from photovoltaic
panels

– Another range extender

3 Energy Assistant Tasks from the Start of the Journey
to the Charging Station

Standard onboard computers in standard-drive cars and in electric cars after counting
of refueling fuel, or charging of batteries, they measure fuel consumption (l/100 km)
or electric energy (kWh/100 km) The value of car range is continuously updated
according to the amount of fuel in the tank or the remaining charging state of the
batteries. The aim of our research and development is the EA for the electric car
Edison. Modern components in the Edison electric car are capable of collecting a
wide range of data, enabling them to change set the parameters, and monitor their
impact on energy consumption. The data can be verified on the roller dynamometer
or on the road. The role of the EA is not only to establish the value of the car range
calculated from the difference between the received and consumed energy. Energy
assist assists, controls, manages, updates, and communicates with the electric car
driver. Predicts the risk of being discharged before drive range to charging station
and warns the driver and proposes austerity measures to the nearest charger, so the
driver warns and proposes energy-effective measures. EA performs the tasks before
driving, and then throughout the drive to the charging station (Fig. 1).

Fig. 1 Energy assistant tasks through the total car range
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Fig. 2 Development of electric car Edison

The role of the intelligent energy usage assist is audiovisual communication with
the driver in order to optimize the driving style and minimize energy consumption.
The proposed energy usage assist systemwill be applied into the experimental electric
car Edison. The energy usage assist will be alone system which will be receiving
the data from the car control unit and the battery management system. Integrated
GPS receiver will be used for detecting speed limits. Based on powertrain measured
efficiency maps, system will inform driver through display how to behave.

The Edison is experimental electric car build at University of Žilina. The curb
weight of the experimental car including the battery is 1048 kg. Propulsion provides
a compact lightweight all-aluminum, air-cooled asynchronous electric motor AKOE
with a nominal output of 16 kWandmaximumpower of 30 kW,withmotor controller
Curtis and traction LiFeYPO4 24 kWh battery pack with the battery management
system and onboard charger 110–240 V/16 A. The main part of the car is a tubular
steel space frame. EV Edison enables data logging of a wide range of data such
as speed, acceleration, temperatures, state of charge, and information from battery
management system (Fig. 2).

4 Tasks of the Energy Assist (EA) Before Driving Electric
Car

4.1 Recalculation of Driving Range on Climate Conditions

When operating an electric car at low temperatures below freezing, the low temper-
ature has an impact on the increase in energy consumption, which means shortening
the car range value.

Self-heating of batteries in our Edison experimental electric car with a total stored
energy of 24 kWh shortens the range of 7–10 km. Based on battery temperature
data; EA will convert the overall car range. EA limits power from heat recovery
and maximum engine power to safe battery temperature. EA protects under-cooled
batteries from high currents.

Low temperature reduces battery performance due to increased internal resistance.
On the other hand, increased resistance speeds up battery heating [2]. The Edison
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Fig. 3 Impact of different climatic conditions on traction batteries properties

electric car has a LiFeYPO4 battery with a capacity of 300 Ah and a traction voltage
of 80 V. Low temperatures reduce battery performance and, in addition, the need to
heat the vehicle also takes off energy, which consequently reduces downtime. The
first results from the electric car test in the winter prove this (Fig. 3).

Edison was parked for several days, and the temperature did not rise above 0 °C.
During the tests, the two-member crew ran the same route in the premises of the Uni-
versity of Žilina. The low temperature has resulted in increased energy consumption
and, therefore, a reduction in the onset of travel. A comparison of consumption dur-
ing test runs shows that if and when the electric car is gradually heating up, energy
consumption is reduced. At first, the consumption was 18.5 kWh/100 km, at the
last 14.9 kWh/100 km. For a better comparison, three cases were chosen when the
car needs the same power output of 10.4 kW from its batteries. In the first case,
the batteries were cold at start-up, in the second case the cells were heated because
the battery was loaded for 10 km of driving. In both the first and second cases, the
ambient temperature was 0 °C. In the third case, the ambient temperature was 18 °C.
Figure 4 shows that at low temperatures, increased internal resistance causes a signif-
icant drop in voltage, which means an increased current gauge. This means that the
electric car in the winter at the same power takes a higher current from the battery.

In order to eliminate this phenomenon, electric car manufacturers use battery
heaters. Nissan Leaf has a direct-on-battery heating system. Tesla acquires heat for
heating the accumulators from the heat emitted by the electric motor. This solution
is more efficient because it does not use battery energy, but uses heat that would
otherwise not be used. Since the electric motor has a high efficiency it takes a few
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Fig. 4 Impact of different climatic conditions on traction accumulator properties

minutes to heat the batteries to the temperature when they can deliver full power.
EV Edison does not have a battery heating system. We have analyzed heat recovery
options for battery heating.

The picture shows the temperature of Edison’s electric motor and transducer.
Temperatures were recorded during 8 runs that lasted 1.5 h. During these rides, the
style of defensive sport was changed, which is also evident from the fluctuations in
temperature. Ambient temperature was 0 °C. The electric car has gone 13.4 km. The
temperature of the electric motor reached 74 °C at the end of the run and the inverter
temperature was 46 °C.

4.2 Recalculation of Driving Range on the Selected Route

The route selection and traffic indicators are determined by the number of planned
stops, traffic density, and so on. The useable input value may be more accurate when
intelligent traffic management data is available. EA corrects the value of the runtime
based on the database of available digital maps. At the same time, the system allows
you to perform your own measurements on commonly used routes.
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Fig. 5 Electric car Edison on the roller dynamometer MAHA

5 The Tasks of the Energy Assist (EA) While Driving

5.1 Driving Style Assistance—Coasting, Energy
Recuperation, Braking

Driving style is purely a subjective indicator of the influence of the driver on the car
range. From the point of view of energy intensity, it is most advantageous to slow
down, for example,when entering the village or stopping at a crossing to take coasting
of the vehicle. Do not use the brakes, but at the right moment to use the kinetic energy
of the vehicle, its speed reduction or complete stop if the traffic situation requires it.

Driving route profile and traffic situation, vehicle weight and speed, relevant
recuperation effect, and ramp curve database; this is just a few of the main input
parameters for the decision process of the EA system, which communicates in the
audiovisual communication with the driver using appropriate picture information,
supplemented if necessary with sound. The aim is to give the driver information on
how to handle the smallest electricity consumption (Fig. 5).

5.2 Driving Style Assistance—Acceleration and Powertrain
Efficiency

Acceleration is another subjective indicator of driving style. It is more energy-
intensive than run-up.With an appropriate combination—correcting the time needed
to overcome a certain distance andmapping the overall efficiency of the electric drive;
it is possible to optimize the engine start. EA, like the one used in the race, in addition
to the required parameters, uses the map of the overall efficiency of the electric drive
in order to decide and inform the driver whether it is in the most efficient mode when
it is started—in the best efficiency mode [3], which means the least energy-intensive
start.
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In the first phase of the development, the system will inform the driver if he is
currently in the most efficient mode during acceleration—highest efficiency mode. If
we assume that the driver needs to accelerate from an intersection in the city. System
will useGPS position to evaluate the end speed during acceleration to 50 km/h. Based
on powertrain efficiency map the system will inform driver by graphic indication on
the dashboard which smooth acceleration mode he should choose quick or slow. This
will help the driver to achieve the optimal mode.

It was created analysis of three types of accelerations (Fig. 8) from 0 to 50 km/h.
Traveled distancewas 200m at all three accelerations. Duration of acceleration 1was
27 s; acceleration 2 was 22 s and acceleration 3 was 19 s. Five measurements were
done for each acceleration test. The average value of electric energy consumption
was 0.069 kWh for acceleration 1, 0.072 kWh for acceleration 2 and 0.072 kWh for
acceleration 3 (Figs. 6, 7 and 8).

This measurement demonstrated that in the EV Edison case is preferably acceler-
ate aggressively and then use coasting. Although the vehicle needs for faster accel-
eration more energy to overcome drive resistances, the EV Edison has higher overall
powertrain efficiency at higher loads. This caused that the EV Edison has almost
same energy consumption during slow and fast accelerations. It is more effective to
use coasting then recuperation during deceleration. The disadvantage of coasting is
a higher time to slow the vehicle. This disadvantage could be compensated by faster
acceleration. It is not influence energy consumption due to EV Edison powertrain

Fig. 6 Efficiency map of drive Edison
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Fig. 7 Dashboard information during acceleration

Fig. 8 Accelerations profiles

efficiency. Faster acceleration and then use coasting driving style can reduce energy
consumption.

5.3 Driving Style Assistance—Depending on the Way
of Driving and Consuming Electricity

Updating the remaining action radius requires continuous monitoring of electricity
consumption. The monitoring has three basic indicators: operational (under what
conditions the car is moving), the subjective influence of the driver (driving style),
and the use of other appliances (vehicle lighting, heating) or the use of energy sources
(energy recuperation, photovoltaic panels) (Fig. 9).

EA updates the run-up value based on the current stored energy value in traction
batteries (SOC) and the monitoring of the power consumption mode. This is not the
final value. If EA is working with data on the current electric car movement route,
the value will be recalculated again. At present, we measure the relationship between
the discharge characteristic of the traction accumulators used and the capacity drop
in the areas of 80% SOC and 20% SOC, which has a direct effect on the vehicle’s
interior.
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Fig. 9 Example of battery
discharging characteristics in
Edison electric car

6 Control and Protection of Electrocomponents

It is not directly assisted by the driver of an electric car, but it is a condition of EA’s
operation. To enable EA, for example, to assist the driver in adjusting the style of
driving and to regulate the conversion of electrical energy to traction, it must control
all the appliances in the vehicle, including the ability to independently switch off
selected systems. This is also indirectly controlled by their status. The protection of
electrocomponents is filled with EA, for example, at low and high temperatures of
batteries, electric motors, and converter. Our goal is to get the driver through the EA
communication panel not only updated driver information, driving advice, but also
warnings and notifications of security interference in the system, for example, at low
battery temperatures.

7 Energy Assist in Crisis Situations

The best case for understanding the assisting in a particular crisis situation is an
example. AE identifies the location of the nearest charging station on our route. At
the same time, based on our current route, based on the profile of our route, and
the traffic situation, we compare the theoretical possible approach with the distance
of the nearest charging station. Comparison is ongoing. When a critical condition
occurs EA decides to assist and recommends driver savings (Fig. 10).
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Fig. 10 Example of EA safety alert when battery temperature is low and assistance in crisis
situations
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elektromobilu. Automot Ind Mag 9(5):62–63
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Contact Analysis of Selected Toothed
Contact of the Two-Stage Front Gearbox

Stanislav Gramblička, Róbert Kohár, Maroš Majchrák and Michal Vrabec

Abstract The article deals with the contact analysis of selected toothed gears of the
two-stage front gearbox. They are extensively used throughout the machine industry,
but also in other mechanical devices where input parameters change to the required
working values. The aim of this work is to point out the effect of deformations of the
individual gear components on the correctness of the toothed engagement. The work
deals with the contact analysis of selected gears of the two-stage front gearbox. The
subject of the study is to determine the resulting coefficient of unevenness of the tooth
load over the width of the contact for deformation of individual parts of the gearbox
using the KISSsoft computerized software. The pc software KISSsoft has several
ways to define a coefficient KHβ. The method using the ISO 6336 standard was used
in this case. Due to load, the teeth of the wheels resiliently deform. This deformation
has an effect in an enlargement of the coefficient of the toothed contact. The result
is the processing of data and their evaluation for individual types of deformations of
the parts of the gearbox unit and the subsequent evaluation of the overall impact on
the life of the gearbox.

Keywords Analysis · Deformation · Coefficient

1 Introduction

The toothed gears have the ability to transmit maximum performance then, when the
shafts of the toothed gears are perfectly arranged, and the load transmitted is evenly
distributed across the entire active tooth width. The so how as the load decomposes
on the surface the side of the tooth; it greatly affects the life of the gearing. Incorrect
load distribution results in inception of a place on the surface of the tooth with
high contact stress, resulting in fatigue wear or the fracture fatigue. Manufacturing
and assembly inaccuracies, elastic deformations of individual gearbox components,
thermal deformations and external influences can cause tooth misalignment, which
affects the load distribution on the sides of the teeth. During the assembling parts of
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the gearbox, a check should be made to avoid unexpected damage during operation.
An important consideration of the contact analysis is the so-called coefficient of
unevenness of the tooth load after the width in contact KHβ [1–5].

2 Methods and Materials

2.1 Definition of the Coefficient KHβ Without Shafts
Deformation

The software KISSsoft includes several ways of defining a coefficient KHβ. If the
value is known, it can be enteredmanually, which is the first method. Anothermethod
of defining the coefficient is, depending of the used the calculating norm, in this case
it is the specific normDIN 3990method B (method C), which is relate from the norm
ISO 6336 method B, consequently it contains the approximate procedure. For the
contact analysis, a third gearing unit was selected, which consists of a z4 a pinion
gear in the middle shaft and a gear a z6 output shaft wheel. When determining the
KHβ coefficient according to the DIN norm, the dimensions of the pinion shaft are
included, but the driven shaft geometry in this case is not included. The specified
pinion shaft values are the distance between the bearings l, the distance of the pinion
from the center of the distance between the bearings s, and the outer diameter of the
shaft between the bearings d. Another parameter that the norm takes into account is
the pinion shaft type. That is defined based on the norm ISO 6336 (type a as much
as e). The values given for the calculation of the KHβ coefficient for the third gear
are l = 243 mm, s = 70.5 mm, and d = 62.256 mm. With this the values so defined
the coefficient is defined KHβ = 1.1525. In this calculation, only the geometry of
the pinion shaft is taken into account and the geometry of the output shaft is not
included. Due to load, the teeth of the wheels resiliently deform [2, 6, 7].

Figure 1 shows the distribution of the applied load on the width of the tooth, with
the red color showing the location with the highest contact stress. Places with the
maximum stress occur at the beginning of the gear engagement and at the center of

Fig. 1 Layout of tension across the width of tooth at left of pinion and at right of a wheel
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the gear engagement, while the maximum tension on the pinion occurs at the root of
the tooth. The wheel has maximum tension on the head of the tooth, at the beginning,
and at the center of the tooth width. Such a stress distribution is not ideal because the
blue color area, the stress 545 MPa, should be located outside the spacing circle. In
this case, the medium contact stress, a green color with a voltage of about 1091MPa,
is located in the head and the root of the tooth from the center to the end of the
toothed engagement.

2.2 Definition of the Coefficient KHβ with Shafts
Deformation

The toothed gears transfer performance-causing stress and torque load on the shafts
what caused their elastic deformations. These deviations may affect the toothed
wheel engagement and hence the effect on load distribution on the side of the tooth.
A more precise definition of the KHβ coefficient is the application of the norm ISO
6336-1 Annex E. Annex E of this norm takes into account the load distribution on
the tooth width between parallel axes of the cogwheels. This method focuses on the
most important deviations, namely bends and twisting of the shafts and the elastic
deformation of the wheel teeth. The determination of the KHβ coefficient was carried
out based on the norm ISO 6336-1 Annex E with by considering deflections of shafts
of a pinion, wheels bending, and tooth bending. The shaft deflection of the pinion
under the tooth gear has value 0.0852 mm, and the output shaft deflection of the
pinion under the tooth gear has value 0.0634 mm. The size of twisting angle in the
pinion shaft in the place toothing is 0.0016°, and the size of twisting angle in the
output shaft in the place toothing is 0.0126°. This calculation does not take into
account manufacturing tolerances. The value of the coefficient of the KHβ in this
case is 1.2155 [2, 6, 7].

Figure 2 shows the distribution of the applied load along the width of the tooth,
with a considerable difference in results compared to the result without considering
of the shafts deflection. The contact area of the pinion its contents a larger area of pale

Fig. 2 Layout of tension across the width of the tooth at left of the pinion and at right of the wheel
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blue color, meaning a contact voltage of about 517 MPa and a distinctive green color
area, representing a voltage of approximately 1033 MPa, mostly at the beginning
of the engagement. The range of the maximum stress is again at the bottom at the
beginning of the toothed engagement.

2.3 Definition of the Coefficient KHβ with a Shafts
Deformation and the Gearbox Cabinet Deformation

The software KISSsys is into computing of the KHβ coefficient is able to incorpo-
rate the stiffness of a particular the gearbox cabinet. The stiffness of the cabinet is
described by a reduced stiffness matrix. The stiffness matrix of the cabinet is reduced
in this case to six points representing the center of the bearings. Subsequently, these
points are loaded by the calculated reaction forces in the bearings, and thus, the dis-
placements of the bearings in the direction of the axes x, y, and z are obtained. The
offset values obtained are applied into the calculation of the KHβ coefficient, while
will be considered with in the calculation of the shaft deformation and of the wheels
teeth bending [1, 4, 6].

Reduced stiffness matrix of the gearbox cabinet The software ANSYS Work-
bench was used to obtain the reduced stiffness matrix of the gearbox cabinet. The
model of the gearbox is built up than simplified, i.e., without screw holes and without
internal preload [3] (Fig. 3).

The coefficient of the tooth load after the width, as it after the analysis without
deformations of the gearbox cabinet, has changed from value 1.2155 to the value
1.2261. This change in the coefficient does not have a significant effect on the dis-
tribution of the tension over the width of the tooth, which implies that the gearbox
cabinet is sufficiently stiff and there is no significant deformation due to the operating
loads.

Fig. 3 Layout of tension across the width of a tooth to at left of a pinion and at right of a wheel



Contact Analysis of Selected the Toothed Contact … 267

2.4 The Optimization of the Third Gear, the Toothed
Modification

To optimize the toothed engagement of double-type tooth modification is used in
practice. The first type is a modification the evolvent of teeth, for example a linearly
chamfer and a rounding in the area of the head and heel of the tooth, a changing
the pressure angle α and their combinations. The advantages of this type are, for
example, quiet running, smoother a toothed engagement, and higher load stress. The
second type is used to improve the load distribution over the width of the tooth, i.e.,
the KHβ coefficient. There are various types of these modifications, for example, the
linear grinding of tooth start and end, rounded grinding of the teeth start and the teeth
end, the modification of angle of the inclination tooth, the crowning of the teeth, the
eccentric crowning of the teeth, contortion of the teeth, and others. To improve the
KHβ coefficient, the modification across the width of the teeth was used, namely
in the concrete in the crowning teeth to the norm ISO 6336-1 Annex B. Once the
calculation has been completed, we have gained a value of the coefficient was KHβ

= 1.0914. To remind, the difference of the KHβ coefficient without modifying the
tooth and considering the same deformations was 1.2261 [2, 6, 7].

Figure 4 shows the layout of tension across the width of the tooth of the pinion
and the wheel, while modified was only the teeth of the wheel. In this case, the stress
is distributed over the whole surface evenly, the size of which is about 880 MPa. The
maximum stress is predominantly located in the heel of the tooth of the pinion and in
the head of the tooth wheel in the beginning and center of the toothed engagement.

3 Results and Discussion

For comparison of the calculations, a brief overview of the resultingKHβ coefficients
for selected types of calculations is given. Table 1 describes how the KHβ coefficient

Fig. 4 Layout of tension across the width of the tooth at left of the pinion and at right of a wheel
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Table 1 Overview of the results of the individual calculations of the KHβ coefficient

Considered
deformations

Norm Hertz of contact
stress (MPa)

Coefficient KHβ

The bends of teeth DIN 3990 2183.664 1.1525

The bends of teeth
– Deformations of
shafts

ISO 6336-1 annex E 2066.821 1.2155

The bends of teeth
– Deformations of
shafts

– Deformations of
gearbox cabinet

ISO 6336-1 annex E 2086.018 1.2261

The bends of teeth
– Deformations of
shafts

– Deformations of
gearbox cabinet

– Modification of wheel
tooth

ISO 6336-1 annex E
modification
ISO 6336-1 annex B

1762.94 1.0914

under the influence of deformations of the various parts of the gearbox, as well as
the size of contact stress.

4 Conclusion

At the conclusion, it is pointed out that from the mentioned results of the contact
analyses, they have a great influence on the correctness of the toothed engagement
of the shafts deformation, while increase of a coefficient with consideration defor-
mations of the gearbox cabinet has changed slightly; i.e., the gearbox has sufficient
stiffness at the specified operational loads and material used. It can be said with
certainty that the biggest impact on the overall life of the gearbox being examined
has a toothed engagement.
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Evaluation of the Energy Balance on Test
Bench with Open Power Flow and Closed
Power Flow for Testing of Transmission

Michal Herda, Ĺuboš Kučera, Tomáš Gajdošík and Milan Benko

Abstract The article deals with the diagram of the disposition of components and
the creation of kinematic bonds of the test benches for transmission systems. The
source of the drive on test benches is an electric motor. The article describes the
configuration of components and the creation of kinematic bonds for the test bench
with an open flow of mechanical power. The test bench also includes a dynamometer
in addition to the electric motor. The article is also described an assembly procedure
and creation kinematic bonds for test bench with a closed flow of mechanical power.
In this, test bench used only an electric motor without a dynamometer. The electric
motor is the same for both test benches. The kinematics of test benches ismodeled and
calculated in the Swiss program KissSys/KissSoft. As a result, the article deals with
evaluation the energy balance of the individual test benches, especially by evaluation
the energy balance of the electric motor.

Keywords Transmission · Energy balance · Open test bench · Closed test bench

1 Introduction

Nowadays, there are very developed simulation programs for various types of anal-
yses and simulations. This also applies to the analysis and simulation of gearboxes
and transmissions [1]. However, simulations and analysis in programs are mostly
performed under ideal conditions with the addition of boundary conditions replacing
the real state. These results may not correspond to reality. Therefore, it is still impor-
tant to test the designed gearboxes and transmission systems on real test benches.
Mechanical testing of transmission systems is major power consumption, especially
in test benches with open mechanical power flow. Therefore, the main objective of
the article is the calculation and evaluation of the energy balance of test benches for
transmission systems. This is a comparison of the test bench with an open flow of the
mechanical power and the test bench with a closed flow of mechanical power. Today,
it is important to pay attention to energy consumption. With today’s focus on the
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economy of development and production, energy consumption is one of the decisive
economic indicators. For the analytical calculation, the same two-stage planetary
gearboxes A2000 are used. The two-pole asynchronous engine with output of 50 kW
is used as a drive. For both test cases, the same components (planetary gearboxA2000
and electric motor) were used.

2 Design of the Kinematic Scheme for the Test Bench
with an Open Power Flow

During assembling a kinematic scheme, the knowledge of testing of the transmission
systems has been applied. It was also based on tests performed at the University of
Žilina’s testing laboratory [2–5]. The test bench with an open flow of mechanical
power has a simple schematic on the components. (see Fig. 1).

In the test bench were used components: a two-pole asynchronous electric motor
with a 50 kW output controlled by a phase transducer. In addition, there are two
A2000 two-stage planetary gearboxes in the circuit. At the end of the circuit, the
dynamometer is connected. As shown (Fig. 1), at the beginning of the test bench,
the electric motor is the source of the drive. Behind it, two planetary gearboxes
are connected in series. These gearboxes are connected in a mirror position, so that
approximately the same values are measured at the output shaft from the second
gearbox as the input values are. The difference between input and output values is
due to losses in gearboxes. After we retrieve output power and losses in planetary
gearboxes, we get the input power value. The test bench closes the dynamometer.
It produces electricity from the output power by recuperation, which then returns to
the electricity grid. To connect all components in the test bench, cardan shafts were
used. To calculate the total losses in the test circuit, the losses incurred on the joint
of the cardan shafts do not count. In our case, they are negligible for calculation.

Fig. 1 Kinematic scheme of the test bench with an open flow of mechanical power 1 EM—Electric
motor; 2, 3 A2000—Planetary gearbox A2000; 4 DYN—Dynamometer; 5 Kinematic connection;
arrowhead show power flow



Evaluation of the Energy Balance on Test Bench … 273

3 Modeling and Calculation of an Open Test Bench
in KissSys

For modeling and calculating total losses in a bench with open flow of mechan-
ical power, the Swiss calculation program KissSoft/KissSys [6], for the design
and simulation transmissions, was used. The advantage of the program is its high
precision in modeling and calculation of transmission systems. As a precondi-
tion for overall efficiency calculation, the A2000 gearbox in KissSys was first
modeled and saved as a template to be used repeatedly and did not have to be
reworked. After the planet gear has been correctly modeled, a new project has
been launched in the program. After the launch of the new project, two plane-
tary gearboxes were inserted and placed in series. But they have been mirrored
against each other. The reason was, to connect the output shaft of the carrier shafts.
After the gearboxes were placed, a direct kinematic connection was established
between the gearboxes. The connection the output shaft of the carriers shafts,
thereby forming the transmission system with a transmission ratio of i = 1. The
schema and 3D model in KissSys (see Figs. 2 and 3).

After creating a kinematic link between planetary gearboxes, the boundary condi-
tions were entered. The input and output were defined, and also the braking torques
for the ring shafts, to ensure the passage of power from the input shaft to the central

Fig. 2 Technical scheme in KissSys

Fig. 3 Three-dimensional
model in KissSys
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Table 1 Results from
calculation of the bench with
an open flow of mechanical
power

Title Value Units

Input power 45,914.4 W

Output power 43,911.2 W

Total loss 2003.2 W

Total efficiency 95.64 %

wheel of the first planetary gear, and the output was the center wheel of the second
planetary gearbox. The entered inputs to the system are 1500 rpm and a torque of
292.3 Nm. The system has already calculated the required input power that was
45,914.4 W. After entering the boundary conditions, the calculation of the kinemat-
ics for the transmission system was started. Calculation of kinematics in KissSys is
necessary for further calculations (see Table 1). The next step was to calculate the
efficiency of the whole circuit. After entering all the conditions for calculation of effi-
ciency, the calculation method was chosen according to ISO TR 14179-2. Efficiency
calculations did not take into account the contact pattern analysis. Calculations are
performed in an iterative manner.

The total calculated efficiency is divided into multiple partial losses. All partial
losses are delineated in the calculation report. For simplicity, all partial losses were
divided into two points, namely tooth loss, which was 1696.3 W and other losses
that were 306.9 W.

4 Design of the Kinematic Scheme for the Test Bench
with a Closed Power Flow

Design of a test bench with a closed power flow proceeds similarly to the test bench
with an open power flow, but here it had to be ensured that the power circulates. In
the kinematic scheme (Fig. 4), the distribution of components in the test bench with
a closed power flow of mechanical power is shown.

Fig. 4 Kinematic scheme of the test bench with a closed flow of mechanical power 1 EM—
Electric motor; 2, 3 A2000—Planetary gearbox A2000; 4 TG—transmission gear units; 5 TG—
Technological gearbox; 6 Kinematic connection; arrowhead show power flow
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The same electric motor is used as the drive as is for a test bench with an open
flow of mechanical power. Similarly, there are two A2000 planetary gearboxes in the
circuit. Unlike the first test bench, there are auxiliary gear hubs in the circuit, also a
technological gearbox and a dynamometer absent. The gear hubs (see Fig. 3), with
the number 4, serve to close the test circuit. Several alternatives have been consid-
ered when designing gear hubs. The most preferred variant was a variant with a bevel
gearbox. When deciding, the condition with the greatest weight was to maintain the
gear ratio i = 1 in order to avoid additional calculations or compensation for the
power flow. The next step was to design a technological gearbox. For the design
of the technological gearbox, the differential, cylindrical gearboxes, and bevel gear-
boxes were considered. As a technological gearbox, bevel gearboxes were selected
to provide a simple power connection and also maintain the i= 1 gear ratio. All parts
of the circuit are coupled with cardan shafts.

5 Modeling and Calculation of a Closed Test Bench
in KissSys

As with open test bench, KissSys was used to assemble a test bench with a closed
flow of mechanical power. Before the start, bevel gearboxes have been modeled and
saved as a template. Since the planet gearbox A2000 has already been modeled from
the previous case, it did not have to model again. After the launch of the new project,
two planetary gearboxes and five bevel gearboxes were added. The schema and 3D
model in KissSys (see Figs. 5 and 6).

After the deployment, the closed test bench components, links were created
between the individual parts. For the correct definition of links, it was necessary

Fig. 5 Technical scheme in KissSys
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Fig. 6 Three-dimensional model in KissSys

to determine the flow of power, where the power will be divided and where it will
be joined. If the power division function was incorrectly defined, the program would
not be able to calculate the kinematics and other calculations would not be possible.
Subsequently, the boundary conditions have been entered. These were identical to
the open test bench, 1500 rpm and a torque of 292.3 Nm. After defining the power
distribution and entering the boundary conditions for the input, the kinematics could
be calculated (see Table 2). After kinematics, the calculation of the efficiency of
the whole bench was continued. As in the first case, the system has calculated the
input power of the engine. Even in this case, it was 45914.4 W. Efficiency was also
calculated according to ISO TR 14179-2.

After completing the calculation,wehave redefined the input conditions to confirm
by the following calculation the correctness of the claim that if the input speed
[1500 rpm] and input power equal to [7502.5W] losses in the circuit, and prestressed
technology gearbox with the required torque [292.3 Nm], maintains the same power
flow output.

Table 2 Results from
calculation of the bench with
a closed flow of mechanical
power

Title Value Units

Input power 45,914.4 W

Output power 38,411.9 W

Total loss 7502.5 W

Total efficiency 83.66 %
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Table 3 Results from calculation of the bench with an open flow of mechanical power

Title Test bench with an open flow of
mechanical power

Test bench with an closed flow of
mechanical power

Input rpm (1/min) 1500 1500

Input torque (Nm) 292.3 292.3

Input power (kW) 45.91 45.91

Output rpm (1/min) 1500 1500

Output torque (Nm) 279.6 244.58

Output power (kW) 43.91 38.41

Total losses (kW) 2 7.5

Efficiency (%) 95.64 83.66

There was no full torque defined at the input, but a moment was added, which in
the previous calculation was equal to the loss in the test bench. So, for the input, the
torque was defined only 47.77 Nm, while maintaining the initial speed [1500 rpm].
In order to achieve a similar power flow in the test bench, the technological gearbox
was prestressed with a torque of 292.3 Nm. After the calculation was completed, it
was found that the assumption was correct and the desired effect of the closed flow
of mechanical power was achieved.

6 Evaluation

After the calculations, the values obtained were evaluated (see Table 3).
From calculated data follows, when the power flow is open, the loss in themeasur-

ing state is 4.36%, which corresponds to a power of 2 kW. The engine consumption
per test hour is therefore 45.9 kW/h. At the end of the test bench, the dynamometer
works with a power of 43.91 kW, recuperating approximately 40% of this power,
which in our case is 17.56 kW. The total power loss in this case is 28.35 kW. It is clear
from the calculation that the open test circuit in the test conditions mentioned above
is an hourly energy consumption of 28.35 kW/h. In the closed test bench where the
dynamometer is absent and the desired torque is achieved by mechanical prestress-
ing, the power consumption of the electric motor is 7.5 kW/h, which represents the
coverage of torque losses throughout the test bench.

7 Conclusion

It is therefore clear that the power consumption of a closed test bench for the given
test parameters is almost 4 times lower than that of the open test bench. However, the
initial financial difficulty in constructing this circuit (the use of five bevel gearboxes
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and a higher number of cardan shafts) is eliminated with the number of hours tested,
and these technology gearboxes can also be used to test other types of transmission.
It follows from the above that a closed test bench is more suitable for long-term
transmission tests, where it appears to be financially less demanding than the open
bench.
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Dynamic Analysis of Vibrating Sorter
and Description of Optical Methods
for Experimental Verification

Jan Hoidekr and Vojtěch Dynybyl

Abstract The aim of this work is to determine the system of equations of motion
for laboratory vibrating sorter mechanism. Description of motion and experimental
verification is useful for designing of industrial vibrating sorters. These sorters are
mostly used for sorting oil seeds in oil pressing industry. The mechanism which is
described in this work is part of a laboratory testing circuit, where themethodology of
designing of industrial machines is being developed. In this case, the sorter is placed
on linear compression springs for easier dynamic modeling. The model of vibrating
sorter is considered as a nonlinear two bodies system with 6 degrees of freedom and
its solution leads to application of numerical solver using software MATLAB. In the
second part of this work, the experimental measurement using optical methods is
described. There are placed markers to be captured with the camera. With the help of
software MATLAB and its image processing toolbox, the displacement of markers
is determined and the correctness of dynamic analysis can be verified.

Keywords Dynamic · Equations of motion · Optical methods ·MATLAB ·
Vibration sorting

1 Introduction

Vibrating sorters are abundantly used in oil processing industry in pretreatment
section for cleaning oil seeds or sorting specimen according its size. The sorter
described below is a part of a laboratory testing circuit where hulled seeds are sorted
into five categories: large seeds, medium-large seeds, medium-small seeds, small
seeds, and dust. The first four categories are further processed in cyclone machine
where hulls are separated from kernels. The largest kernels are further processed in
optical sorter to determine which are fully hulled and which are not.
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Thevibration sortingmachine is simplified laboratory copyof industrialmachines.
It consists of two bodies, the mainframe and the sieves placed in wooden frames.
Normally, the mainframe is placed on four silent blocks. For the first modeling step,
the silent blocks were replaced with linear compression springs. Motion analysis
of this laboratory vibrating sorter helps in the development of industrial machines.

2 Methods

2.1 Dynamic Analysis

The dynamicmodel is considered according to Fig. 1. For the first step of the analysis,
the dynamic system is reduced to symmetric planar problem. The horizontal springs
labeled kx represent lateral stiffness of springs labeled ky. For simplification, lateral
stiffness in this model is considered as a constant, nonetheless in further analysis,
usage of the lateral stiffness dependent on the axial is expected, e.g., according to
[1].

The sieves are kinematically excited through eccentric pin that generates dynamic
effects. Equations of motion are determined in static equilibrium position; therefore,
forces representing mass of bodies are not considered in Fig. 2. Either, the friction
and horizontal forces in place of contact between the frame and the sieves are not
considered due to lubrication of a polished sliding rod (Fig. 3).

In real construction, the eccentric pin is not oriented exactly according Fig. 1,
but the axis of rotation is oriented vertically. Kinematic excitation is described in

Fig. 1 Dynamic model of vibrating sorter
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Fig. 2 Free body diagram of vibrating sorter

Eqs. (1) and (2) according Fig. 4.

� =
√
c21 − r2e −

√
c21 − (re · cos(ϕe))

2 + re · sin(ϕe) (1)

ϕe = ω · t (2)

Coordinates of displacement are defined in Fig. 2. The Eqs. (3)–(8) are equations
of motion and they are determined for the center of gravity for both bodies. After
using simple transformation, it is not difficult to detect the displacement of any point

Fig. 3 Coordinate system considered in dynamic model
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Fig. 4 Kinematic excitation of mechanism through eccentric pin

of vibrating sorter.

mR · ẍR = F · cos(ϕR) − R1 · sin(ϕR) − R2 · sin(ϕR) + P1x + P2x (3)

mR · ÿR = −F · sin(ϕR) − R1 · cos(ϕR) − R2 · cos(ϕR) + P1y + P2y (4)

IR · ϕ̈R = F · (b4 − b1) + R1 · (a1 + �) − R2 · (a1 − �)

+ cos(ϕR) · [−P1x · b1 − P1y · a2 − P2x · b1 + P2y · a2
]

+ sin(ϕR) · [−P1x · a2 + P1y · b1 + P2x · a2 + P2y · b1
]

(5)

mS · ẍS = R1 · sin(ϕS) + R2 · sin(ϕS) − F · cos(ϕS) (6)

mS · ÿS = F · sin(ϕS) + R1 · cos(ϕS) + R2 · cos(ϕS) (7)

IS · ϕ̈S = F · (b3 + b2 − b4) + R1 · a1 + R2 · a1 (8)

There are nine variables in Eqs. (3)–(8); so, the relationships between coordinates
of displacement of frame and sieves have to be defined according to [2]. By second
derivative of these relationships determined in Eqs. (9)–(11), the acceleration of
sieves is expressed and can be substituted in Eqs. (6)–(8). That reduces the system
to six nonlinear second-order algebraic differential equations which can be solved
using numeric methods. The forces P1x, P2x, P1y, and P2y are reaction forces caused
by deformation of linear compression springs out of static equilibrium position.

ϕS = ϕR (9)

xS = xR + (b3 + b2 − b1) · sin(ϕR) + � · cos(ϕR) (10)
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yS = yR + (b3 + b2 − b1) · cos(ϕR) − � · sin(ϕR) − (b3 + b2 − b1) (11)

This system of equations is solved with the help of MATLAB software using
numeric solver ode15i for solving fully implicit differential equations.

2.2 Experimental Measurement Using Optical Methods

There are several ways how to measure displacement during vibrations. According
to [3], one of the options is an optical method. Canon 6D DSLR camera and 50 mm
f /1.4 lens were used to capture motion on video with resolution 1280 × 720 px and
1/50 s framerate.

To determine exact description of motion, the camera should be as far as possible
from sorter to avoid perspective deformation. It is convenient to use circle markers
since MATLAB software image processing toolbox can easily find the centers of
circles. The markers were printed in dark color on white background paper and stuck
on body of sorter frame according to Fig. 5.

Actually, there are only two markers needed. One circle represents the described
point and the second circle is used to determine angle of rotation ϕ.

Each frame of video can be processed inMATLAB like independent static image.
All pixels are loaded into matrix dimensionally equaling to resolution of image.
Listing and processing all frames of video gives a trajectory of displacement of certain
point. By simple transformation, the displacement of any point can be calculated.

Fig. 5 Markers stuck on
frame body
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Fig. 6 Trajectory of certain point of mainframe measured experimentally by optical method

3 Results

Results of experimental measurement are shown in Fig. 6. There were
several measurements with different frequencies of vibrating, starting from
f = 1 Hz up to f = 3 Hz with 0.5 Hz step. An example in Fig. 6 shows measurement
with frequency f = 1.5 Hz.

The vertical coordinate in graph in Fig. 6 is plotted in pixels. One pixel equals
approximately 0.36 mm.

4 Discussion

Results from experimental measurement match with expectations and corresponds
with real sorter vibration. The laboratory sorter used for experimental measurements
does not fully correspond to dynamic model listed above; therefore, there is no
bigger sense to directly compare this result. Several simplifications were mainly
used to show the base of methods of dynamic analysis for similarly working devices.

The further step of modeling is customizing dynamic system according to real
vibrating sorter so experimental measurement can be compared.
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5 Conclusion

In this work were described basic methods of dynamic analysis of vibration sorter
working according to Fig. 1. Based on these methods, the more sophisticated and
more detailed models can be defined; so, these models could be directly compared
to experimental measurement data. Simplifying of dynamic model in this work con-
sisted mostly of ignoring antisymmetric dimensions and considering this model fully
symmetric. Further detail, which is possible to include intomodel, is friction between
mainframe and sieves.

In themethodologyof using opticalmethods for experimentalmeasurementwould
be recommended the usage of a camera with higher framerate than 50 fps to capture
higher frequencies correctly. In this project, only camera with 50 fps framerate was
available.
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erických metod. In: Moravec J (ed) Konference studentské tvůrčí činnosti, STČ 2018. ČVUT
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Modeling of Cornea Applanation When
Measuring Eye Pressure

Branislav Hučko, Ĺuboš Kučera, Stanislav Ďuriš, Peter Pavlásek, Jan Rybář
and Juraj Hodál

Abstract This paper deals with the numerical and experimental modeling of a
cornea applanation during pressure loading–air puff. The determination of cornea
applanation plays a key role in measuring inner eye pressure. A raised level of inner
eye pressure is one of the most obvious symptoms of glaucoma. The numerical
model for the cornea was established in consideration of its geometrical and phys-
ical properties using the finite element method. The primary applanation pressure
was determined from obtained numerical results. The experimental model of the
cornea was built from silicone. The experimental cornea was subjected to inner pres-
sure that was measured by traditional medical contact and non-contact tonometers
applied outside the cornea. Subsequently, the results for this model were used as the
referential ones.

Keywords Applanation · Eye pressure · Model · Glaucoma · Measurement

1 Introduction

The intraocular pressure (IOP) is the fluid pressure inside the eye. The IOP is deter-
mined by the coupling of the production of aqueous humor and the drainage of aque-
ous humor mainly through the trabecular meshwork located in the anterior chamber
angle [1]. The reason for this is because the vitreous humor in the posterior segment
has a relatively fixed volume and thus does not affect intraocular pressure regulation.
The IOP preserves the integrity of the eyeball. Its maintenance is the ability of an
aqueous humor that is secreted from the ciliary epithelium—the structure supporting
the lens. It depends on two factors: the rate of fluid formation and the ability to drain
it. If the first one is greater than the second one, the intraocular pressure may be
increased.
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Tonometry is the method of measuring IOP by tonometer [2]. The IOP measure-
ment is an important aspect in the evaluation of patients at risk of glaucoma [3].
Most tonometers are calibrated to measure the pressure in millimeters of mercury
(mmHg).

The intraocular pressure is a dynamical variable like the blood pressure. The
IOP varies not only throughout the night and day but also during longer period.
The diurnal variation for normal eyes is between 3 and 6 mmHg and the variation
may increase in glaucomatous eyes. During the night, intraocular pressure may not
decrease despite the slower production of aqueous humor. It was observed that 95%
of population had an average IOP of 15.7 ± 2 SD (standard deviation) mm Hg. This
results into the interval from 10 to 21 mm Hg. The normal distribution of IOP is not
the Gaussian one and is distorted to the right. This distortion suggests that more than
2.5% of population should have the IOP greater than 21 mmHg [4].

Current tonometers are based on the contact and non-contact technologies of
measuring the cornea deformation [2]. The application of contact tonometers requires
the direct unpleasant contact of measuring device, probe, with the human cornea.
Because the probe makes contact with the cornea, a topical anesthetic is introduced
on to the surface of the eye in the form of an eye drop. The non-contact tonometry
utilizes the air puff for deforming the cornea without any anesthetic.

Both technologies are calibrating to the measurement of cornea applanation—the
loaded curved cornea surface becomes flatten-applanated. The calibration of mea-
suring devices requires to build the referential cornea: numerical and experimental.
These corneas should be applicable in calibration process of any tonometers.

The aim of this paper is to present numerical and experimental models of cornea
in the application of non-contact measuring of IOP.

2 Principles of non-contact tonometry

The non-contact tonometry is system consists of a central air chamber lined from
one side by a light emitter (infrared light emitter) and a second detector (see Fig. 1).

Fig. 1 The principle non-contact cornea applanation [5, 6]
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Fig. 2 Intensity of reflected
light versus chamber inner
pressure [7]

In the unloaded state of cornea, the light emitted is scattered by its convex surface.
As the pressure of the air impulse directed to the cornea increases to deform the
cornea, the surface of the cornea behaves like a plane mirror reflecting the IR light
into the detector. The IR light beam is reflected by physical law: the angle of incidence
is equal to the reflection angle. At the point of maximum light detection, when the
cornea is completely flattened, the device switches off the air pressure pulse. In other
words, the device will terminate the measurement if the field of application reaches
at least the size required to redirect the entire light beam. The emitted beam is the
same at each measurement, it has a constant cross-section. Only the applied pressure
and the duration are changed.

The pressure of the air flow increases with the pressure of the anterior chamber,
aqueous humor (CP—chamber inner pressure), which is continuously measured by
the pressure sensor. The intensity of the light reflected (L) on the cornea is detected
as a function of CP (see Fig. 2). The applanation pressure (Pc) is determined from
the maximum reflected light intensity (Lmax) and subsequently, the corresponding
IOP can be determined.

The determination of IOP is based on the assumption of equality of pressures
on both sides of the flattened corneal apex, i.e., the cornea reaches the equilibrium
position, similarly [8]. In this case, the external applanation pressure Pc caused by
measuring air impulse equals to the IOP:

IOP = Pc (1)

3 Numerical model of cornea applanation

The numerical model of cornea presented in this paper has been built from basic geo-
metrical parameters [9] (see Fig. 3), mechanical properties [10] and corresponding
boundary conditions.
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Fig. 3 Geometrical parameters of cornea, modified from [10]

The corneal parameters presented in [9] such as the corneal diameter (CD), the
anterior corneal curvature (ACC), the posterior corneal curvature (PCC), the periph-
eral corneal thickness (PCT) and the central corneal thickness (CCT) provide infor-
mation about the healthy cornea and possible changes associatedwith ocular diseases
or other factors such as aging gender, ethnicity, etc. Normal values for the CD ranges
from 10.50 to 12.75 mm, the ACC ranges from 7.06 to 8.66 mm, the PCC ranges
from 6.15 to 7.38 mm, the PCT reaches value of 1.2 mm at limbus and the CCT
ranges from 512 to 569.5 µm. These corneal parameters vary with age, gender, eth-
nicity, refractive state, stature and anthropometric factors. In our model, we applied
the average values of all geometrical parameters.

There exist many different mechanical models of cornea properties [10]. The
simplest mechanical model is the elastic one. The basic mechanical parameters
are Young’s modulus and Poisson’s ratio. Young’s modulus ranges from 0.054 to
0.359MPa, Poisson’s ratio has the constant value of 0.48 [10, 11]. The average value
of Young’s modulus (0.207 MPa) should be applied in mechanical model.

The boundary conditions also contain the loading conditions.We have applied the
impulsive load—the air puff of maximum value 5 kPa that corresponds to 40 mmHg.
The distribution function due to the free airflow is presented in Fig. 4.

The time duration of the air puff was 15 ms. The relation between the applied load
and time is linear–ramped function from the zero value to the maximum value. Then,
the final numerical model using the finite element method (FEM) using ANSYS [12]
can be created (see Fig. 5). Due the axial symmetry of cornea model, we simplified
it to one half of plane model.

4 Experimental model

The experimental model of cornea has been built like the verification and referential
device (see Fig. 6).
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Fig. 4 Distribution function
of applied pressure

Fig. 5 FEMmodel of cornea

The experimental model of cornea consists of the cylindrical chamber ended with
the silicone model of cornea. The mechanical properties of silicone are different in
comparison with a human cornea. Young’s modulus of silicone ranges from 0.1 to
1.4 MPa. This silicone cornea is subjected to the constant inner pressure by the air.
The inner pressure is stabilized and calibrated to the value of 3 kPa = 22.5 mmHg.
This value is less than applied pressure in the numerical model. Subsequently the
IOP has been measured with the contact and non-contact tonometers.
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Fig. 6 Experimental model
of cornea

5 Results and Discussion

Due to the fact that our experimental model contains the silicone cornea we used
Young’s modulus of 0.8 MPa—more less the average value, instead of values pre-
sented in Chap. 3. Another important fact is that the producer of silicone cornea
could not guarantee the value of Young’s modulus.

The deformation of numerical model is presented in Fig. 7. It is clear that the
deformation of cornea is behind the applanation state.

Fig. 7 Deformation of cornea—vector plot
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Fig. 8 Selected nodes for applanation pressure estimation

Therefore, we proposed the simple algorithm of estimating Pc from the dis-
placement field. We select three nodes on the place of load application (see
Fig. 8).

We found out the vertical relative displacements of those nodes. Because the
response is elastic and linear one can estimate

UY4 −UY446 = 0.8270 − 0.6267 = 0.2003 mm (2)

UY04 −UY0446 = 0.0866 − 0 = 0.0866 mm (3)

PC = 5000 ∗ 0.0886

0.2003
= 2211.68 Pa ∼= 2200 Pa (4)

tC = 15 ∗ 2200

5000
= 6.6 ms = 0.0066 s (5)

where UYi, resp.UY0i is the vertical displacement and the initial vertical coordi-
nate of ith node. The applanation pressure is PC = 2.2 kPa = 16.7 mmHg and the
applanation time is 6.6 ms. Using Eq. (1) we get IOP = 16.7 mmHg. The results of
experimental measurements are presented in the following table, see Table 1.

The exact value of IOP is 22.5 mmHg. The experimental results reached the
good correlation with the exact solution. The numerical results can be acceptable the
difference is less than 30% that can be caused by the unreliable input of mechanical
properties as we mentioned before. But both approaches have the potential to be
simple referential and calibrating methods for measuring IOP devices.



294 B. Hučko et al.

Table 1 Experimental measurements of IOP

Measurement number Non-contact tonometer NIDEK
NT-2000 (mmHg)

Contact tonometer Rebound
ICARE (mmHg)

1 21 23.5

2 21 23.6

3 23 23.8

4 – 24.1

5 – 23.9

Average value 21.7 23.78
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Screw Connections with Application
of Modern Insurance Sealants
and Adhesives Analysis

Jan Kanaval , Eliška Cézová and František Starý

Abstract This contribution describes analytical evaluation and experimental veri-
fication of the friction and force conditions in the pre-stressed bolted connections.
In the case of using standard fasteners (bolts and nuts), there were evaluated mainly
influence of advanced coatings using and lubricants and modern insurance sealants
and adhesives into the threaded surfaces of bolted joints. To achieve the set goals,
modular design-testing stand was designed. Achieved analytical findings and exper-
imental verification will allow to refine the technological processes of assembly of
bolted joints, which will have a major impact on the strength, durability, and reli-
ability of the screw connections (fasteners). Discovered knowledge is not currently
available for design engineers during the designing of bolted joints. Design engineers
typically use only recommendation of retailers and manufacturers when designing
of bolted joints. In industrial practice, it is now very often required to calculate the
screws according to the standard VDI 2230. Standard VDI 2230 specifies a proce-
dure for the strength calculation of pre-stressed screw connections. The calculation
is usually done on a personal computer using the KissSoft program.

Keywords Pre-stressed bolted connection · Advanced coatings and lubricants ·
Sealants · Adhesives · Standard VDI 2230

1 Introduction

The process of tightening threaded fastener assemblies, especially for critical bolted
joints, involves controlling both input torque and angle of turn to achieve the desired
result of proper preload of the bolted assembly.

Understanding the role of friction in both the underhead and threaded contact
zones is the key to defining the relationship between torque, angle, and tension.
There can be as many as 200 or more factors that affect the tension created in a bolt
when tightening torque is applied. Fortunately, torque–angle signature curves can be
obtained for most bolted joints.

J. Kanaval (B) · E. Cézová · F. Starý
Czech Technical University in Prague, Technická 4, 16607 Prague, Dejvice, Czech Republic
e-mail: jan.kanaval@fs.cvut.cz

© Springer Nature Switzerland AG 2020
Š. Medvecký et al. (eds.), Current Methods of Construction Design, Lecture Notes
in Mechanical Engineering, https://doi.org/10.1007/978-3-030-33146-7_34

295

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-33146-7_34&domain=pdf
http://orcid.org/0000-0002-0370-9328
http://orcid.org/0000-0001-9015-0990
http://orcid.org/0000-0002-8714-4490
mailto:jan.kanaval@fs.cvut.cz
https://doi.org/10.1007/978-3-030-33146-7_34


296 J. Kanaval et al.

Fig. 1 Measured
torque–angle curve. Four
zones of the tightening
process [1]

By combining the torque–angle curves with a few simple calculations and a basic
understanding of the engineering mechanics of threaded fasteners, you can obtain
the practical information needed to evaluate the characteristics of individual fastener
tightening processes. The torque–angle curves can also provide the necessary infor-
mation to properly qualify the capability of tightening tools to properly tighten a
given fastener (see Fig. 1) [1].

There is shown a pre-stressed bolted connection loaded with a centric axial force
and diagram of pre-stressed bolted connection force—deformation (see Fig. 2).

In industrial practice, it is now very often required to calculate the screws accord-
ing to the standard VDI 2230. Standard VDI 2230 specifies a procedure for the
strength calculation of pre-stressed screw connections [2]. The calculation is usually
done on a personal computer using the KissSoft program.

2 Methods and Materials

The simple testing equipment for evaluation of threaded contact friction between
the bolt and the nut was designed and manufactured at Department Designing
and Machine Components of the Czech Technical University in Prague and simple
experiments there were realized too (see Figs. 3 and 4).
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Fig. 2 Pre-stressed bolted connection loaded with a centric axial force; diagram of pre-stressed
bolted connection force—deformation [3]

In the case of using standard fasteners (bolts and nuts), there were evaluated
mainly influence of advanced coatings using and lubricants and modern insurance
sealants and adhesives into the threaded surfaces of bolted joints.

There were also tested M10 screws with different surface treatment (galvanized
zinc, black oxide finish and stainless steel A2-70) without grease, and with differ-
ent types of lubricants (Glattol, Molyka) and different insulating adhesives (Loc-
tite 243 [4], Loctite 270 [5]) in the laboratory of the Department Designing and
Machine Components of the Czech Technical University in Prague. The results of
these experiments are shown in Tables 1 and 2, and see Fig. 5.

On this newly designed testing equipment (see Fig. 4) can be detected:

• the value of the friction coefficient in the thread;
• the value of the friction coefficient under screw head (under nut);
• the tension axial pre-stress reducing after the screw connection is assembled;
• to evaluate the characteristics of individual fastener tightening processes (Torque–
angle curves);

• verifying the strength of the screw connection.
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Fig. 3 Simple testing equipment for evaluation of threaded contact friction (for torque measure-
ment) HBM torque sensor T20WN, 20 Nm, was used

Technical parameters of the testing equipment:

• maximum testing torque moment 185 Nm;
• maximum testing tension axial force 100 kN;
• maximum testing rotation speed 97 min−1;
• maximum testing stroke 300 mm.

3 Results

The results of realized experiments are shown in Tables 1 and 2, and in Fig. 5.
There are presented (as an example) calculated, and measured values for bolt size

M10 × 60, strength class 8.8, galvanized (Zn) and nut M10, strength 8, galvanized
(Zn) when using insulating adhesive Loctite 270 and when measured upwards in
Table 1.

There are presented experimentally determined thread friction coefficients for all
realized measurements in Table 2.

There is made a graphical comparison of all experimentally determined thread
friction coefficients for all realized measurements in Fig. 5.
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Fig. 4 Testing equipment for complex analysis of screw fasteners

Table 1 Table presenting measured and calculated values for bolt size M10 × 60. Strength class
8.8, galvanized (Zn), nut: M10, strength class 8, galvanized (Zn), Loctite 270, direction up. Hinge
mass 2.63 kg, nut friction moment Mp: 0 Nmm

Weight mass
(including m
[kg])

Tensile
force Qo
[N]

Wrench
torque
moment
Mkk
[N.mm]

Wrench
torque
moment
without
nut Mkk
[N.mm]

Calculated
thread
friction
angle ϕ′[°]

Calculated
thread
friction
coefficient
f ′ [1]

Calculated
friction
coefficient f
[1]

82.23 806.68 1900 1900 24.532 0.456 0.395

161.28 1582.16 3400 3400 22.434 0.413 0.358

200.48 1966.71 4100 4100 21.766 0.399 0.346

249.62 2448.77 4900 4900 20.884 0.382 0.330

Statistical evaluation of
experiment

Sample average μ 22.404 0.413 0.357

Sample standard
deviation σ

1.554 0.032 0.028

4 Discussion

Aim of the last experiments was to determine themagnitude of the friction coefficient
in the thread depending on the different surface treatment (galvanized zinc, black
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Table 2 Table presenting experimentally detected thread friction coefficient [f ′] for Tested M10
× 70 (M10 × 80) screws with different surface treatment (galvanized zinc, black oxide finish, and
stainless steel A2-70) without grease, and with different types of lubricants (Glattol, Molyka) and
different insulating adhesives (Loctite 243, Loctite 270)

Screw connection specification Bolt M10 × 60,
strength class
8.8, galvanized
(Zn), nut M10,
strength class 8,
galvanized (Zn)

Bolt M10 × 80,
strength class
5.8, black oxide
finish, nut M10,
strength class
05, black oxide
finish

Bolt M10 × 60,
stainless steel,
strength class
A4-70, nut M10,
stainless steel,
strength class
A4-80

Experimentally detected thread friction coefficient [f ′]
Without
lubricant

Direction down 0.268 0.177 0.346

Direction up 0.484 0.178 0.560

Average value 0.376 0.178 0.453

With grease
Glattol

Direction down 0.186 0.187 0.175

Direction up 0.174 0.174 0.171

Average value 0.180 0.181 0.173

With grease
Molyka

Direction down 0.128 0.178 0.167

Direction up 0.140 0.161 0.166

Average value 0.134 0.170 0.167

With insulating
adhesives
Loctite 243

Direction down 0.241 0.142 0.224

Direction up 0.295 0.138 0.274

Average value 0.268 0.140 0.249

With insulating
adhesives
Loctite 270

Direction down 0.440 0.349 0.343

Direction up 0.413 0.389 0.334

Average value 0.427 0.369 0.339

oxide finish, and stainless steel A2-70) without grease, and with different types of
lubricants (Glattol, Molyka) and different insulating adhesives (Loctite 243, Loctite
270) of the screw and the nut. The experimentally determined values of the thread
friction coefficient correspond to the values reported in the technical literature.

It was demonstrated that the using of lubricants when assembling the screw con-
nections decreases the coefficient of friction in the thread. And also was demon-
strated that the using modern insulating adhesives (Loctite 243, Loctite 270) when
assembling the screw connections increases the coefficient of friction in the thread.

5 Conclusions

The simple experiments performed in the past verified the chosen measurement
methodology for measuring the coefficient of friction in the threads. The experience
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Fig. 5 Graph presenting experimentally detected thread friction coefficient for tested M10 × 70
(M10×80) screwswith different surface treatment (galvanized zinc, black oxidefinish, and stainless
steel A2-70) without grease, and with different types of lubricants (Glattol, Molyka) and different
insulating adhesives (Loctite 243, Loctite 270)

gained in this way was used to design new testing equipment for complex screw
connection analysis (when using modern screw fasteners with coatings; when using
different types of lubricants; when using different insulating adhesives).

It has been shown that the using of modern insulating adhesives (Loctite 243,
Loctite 270) when assembling the screw connections increases the coefficient of
friction in the thread.
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Measuring Mass Moment of Inertia
of a Rotor—Two Simple Methods Using
no Special Equipment

Peter Kaššay and Robert Grega

Abstract The paper presents simple methods for measuringmass moment of inertia
of rotors without need of dismantling the rotor or any special laboratory equipment.
Only simple mechanical components (hub, threaded rod, weights, screws, nuts, etc.)
and a common compact digital camera capable of taking 30 fps VGAvideo recording
were used. First method is based on unwinding a specific mass (weight) hanged on
string which is wound on cylindrical hub, where the times of consecutive rotations
of the shaft are recorded. The second one is based on oscillation of pendulum with
specified properties added to the rotor. In this case, the times of extreme positions
of the pendulum are recorded. The evaluation of recorded time values is based on
simple physical principles. The influence of various parameters as weight of added
mass, length of pendulum and friction is examined. These methods are suitable
for determining mass moment for machines without relevant technical data, when
dismounting of rotor would not be an appropriate solution or special equipment is
not available.

Keywords Mass moment of inertia · Rotor · Experimental determination ·
Measurement · Unwinding mass · Added pendulum

1 Introduction

Currently, ever increasing demands on performance, safety, operational reliability,
and durability of machinery are imposed. Therefore, the amount of technical prob-
lems which need to be effectively solved in the design process of new design and the
complexity of performed calculations keep growing [1]. For the realization of these
calculations and design, the high level of knowledge about mechanical properties of
the components of mechanical systems and physical processes which arise during
the operation of mechanical systems is necessary [2, 3].
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In the field of mechanical drives, problems of controlling driving elements
(motors) according to desired operating parameters [4], problems of torsional vibra-
tion [5–7], selecting proper drive elements (e.g., mechanical transmissions, shaft
couplings, etc.) [8, 9], noisiness [10], and fault diagnostics [11] are encountered
very often. In all of the mentioned problems, the knowledge of specific mechanical
parameters is essential to solving them properly [12–14].

One of the basic parameters of rotary machines is the mass moment of inertia
of the rotor. This is usually provided by the manufacturer of the given device. But
sometimes, in case of certain manufacturers, older machines, prototypes, or with
additional equipment mounted, etc. we have to determine the moment of inertia by
ourselves.

In literature dealing with dynamics and vibration, several methods for measuring
the mass moment of inertia can be found [15, 16]. But usually, the dismantling of
the rotor is required. Some frequency converters offer an option to measure mass
moment of inertia of whole drive during acceleration or deceleration by measuring
the motor currents. These currents can be also measured directly [17]. But in this
case, a frequency converter and electric motor with precisely known parameters,
eventually equipment for measuring motor currents is needed.

The paper presents simple methods for measuring mass moment of inertia of
rotors without need of dismantling the rotor or any special laboratory equipment.
First method is based on unwinding a mass hanged on string wound on cylindrical
hub, and the second one is based on oscillation of pendulumwith specified properties
added to the rotor. Presented methods are suitable for determining mass moment for
machines without relevant technical data, when dismounting of rotor would not be an
appropriate solution or special equipment is not available. Themethods are presented
on an example of specific DC electric motor.

2 Measuring Mass Moment of Inertia of Electric Motor

Proposed methods for measuring mass moment of inertia are presented on a SM 160
L type DC electric motor shown in Fig. 1. This motor is a part of our laboratory
equipment. Previously, it was many times used for torsional vibration measurements
and analyses [1]. Presently, we use other electric motors for these purposes. So this
older motor now serves as equipment for testing methods for measuring moments of
inertia, bearing resistance, for student laboratory practices, etc.

The motor has a hub mounted on shaft end. The brushes of electric motor were
removed in order to minimize the friction during measurements. The axis of motor is
lifted approximately 1.5 m above the ground and the horizontal position of axis was
checked. For both presented methods, a common compact digital camera capable of
taking 30 fps VGA video recording was used.
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Fig. 1 SM 160 L type DC electric motor prepared for measurements

2.1 Measuring Mass Moment of Inertia by Unwinding
a Weight

Thismethod uses amass hanged on stringwhich iswoundon cylindrical hubmounted
on the rotor shaft as it is shown in Fig. 2. The motor axis has to be in horizontal posi-
tion. The string has to be flexible but not too stretchy, with uniform cross-section, and
the windings may not cross. By releasing the rotor, the weight acts on the rotor with

Fig. 2 Measuring mass
moment of inertia by
unwinding a weight
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a constant torque which gives the rotor a constant angular acceleration (considering
only constant friction torque).

The mass moment of inertia of the whole setup I consists of mass moment of
inertia of the motor IM, hub IH and equivalent mass moment of inertia of the weight
mW:

I = IM + IH + mW · d
2
H

4
(1)

where dH = 0.05825 m is the diameter of string’s medium fiber.
The torque from external forces acting on the hub can be computed as:

MK = mW · g · dH
2

− Mf (2)

where:

• g = 9.81 m s−2 is gravitational acceleration,
• Mf—friction torque.

Then, the acceleration of the rotor can be computed as:

ε = MK

I
(3)

Then, the mass moment of inertia of motor IM can be expressed from previous
formulas as:

IM =
(
mW · g · dH

2 − Mf

ε

)
− IH − mW · d

2
H

4
(4)

The twist angle ϕ depending on time can be described by formula:

ϕ = ϕ0 + ε

2
· (t − tSTART)

2 (5)

where:

• ϕ0 is initial twist angle (by zero speed),
• tSTART is start time (by zero speed).

This formula can be expressed in general form of second-order polynomial as:

ϕ = a0 + a1 · t + ε

2
· t2 (6)

where a0, a1 and ε/2 are coefficients of polynomial. The process of unwinding is
recorded and the time values ti, when the mark on the hub is passing the reference on
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the motor housing, are read from the recording. The angles of twist corresponding
to times ti can be computed as:

ϕi = 2π · i (7)

Through the measured values, a regression curves corresponding to Formula (6)
were fitted, where the quadratic coefficients are equal to ε/2.

Themeasured values and results of computations are listed in Table 1 in numerical
form. Values of mass moment of inertia in column *IM are computed considering
zero friction torqueMf, and for computed values in column **IM an optimized value
of constant friction torque Mf was used.

For illustration, measured values with evaluated regression curves for mW = 2 kg
are shown in Fig. 3.

In Fig. 4 (left) are shown the values of computed mass moment inertia IM depend-
ing on used weightmW. The values of IM lie in a wide range. They are slightly rising
with decreasing weight from maximum weight of mW = 3 kg until mW ≈ 1 kg, then
rapidly increasing from mW ≈ 0.5 kg. The computed values of IM for weight mW =
0.25 and 0.15 kg have also a considerable dispersion. Mentioned phenomena can be
attributed to increasing influence of friction torque Mf for low weight values.

In Fig. 4 (right) are shown result where constant friction torque was used for
computing mass moment of inertia values. As friction has increasing impact with
decreasing weight, only measured data for mW = 1 kg and higher were used for
moment of inertia computations. The value of constant friction torque Mf was opti-
mized so that the sum of squared residuals between average moment of inertia IM
and computed values of IM is minimum. The average computed moment of inertia is
IM = 0.09426 kgm2. The standard sample deviation is sIM = 0.001488 kgm2 which
is equal to 1.58% of the average value. The optimized value of friction torque isMf

= 0.06681 N m. For practical purposes, the moment of inertia can be considered as
IM = 0.094 ± 0.0015 kg m2.

2.2 Measuring Mass Moment of Inertia by an Added
Pendulum

This method uses an added pendulum mounted on the motor shaft as it is schemati-
cally shown in Fig. 5. The motor axis, as for previous method, has to be in horizontal
position. The mass parameters of pendulum (weight, position of center of grav-
ity—CG, mass moment of inertia around motor axis) have to be determined with a
sufficient precision [18].

The mass moment of inertia of the whole setup I consists of mass moment of
inertia of the motor IM and pendulum IP:

I = IM + IP (8)
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Fig. 3 Selected measured values with evaluated regression curves for weight mW = 2 kg

Fig. 4 Moment of inertia—computed values for unwinding weight method

Fig. 5 Measuring mass
moment of inertia by added
pendulum
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The approximate equivalent torsional stiffness k resulting from pendulum mass
mP with center of gravity in distance e from motor axis is:

k ≈ mP · g · e (9)

Then, the natural frequency of free oscillation can be computed as:

f0 = 1

2π
·
√
k

I
(10)

And finally, according to previous formulas, the mass moment of inertia of motor
can be expressed as:

IM = mP · g · e
π2 · (2 f0)

2 − IP (11)

The design of pendulum is shown as 3D model in Fig. 6. The weight (or a set
of weights) is mounted on a threaded rod by nuts and washers so that the weights
and their position can be easily changed and measured. The parameters of pendulum
(weight, position of the center of gravity and the mass moment of inertia) were
determined from its 3D model.

Different weights and position of weights were used. The pendulum was tilt on
side, then released and the oscillation was recorded. For the first measurements, the
times in the moment of reaching extreme positions for both sides were read from the
video recording. Thus, the difference between two consecutive times are half-periods
of oscillation T 0/2 giving the double of the oscillation frequency 2·f 0.

Fig. 6 Design of the
pendulum used for
experiments
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Theoretically, for friction damping the period of oscillation should be a constant
value [15, 16]. For our case, themaximum recorded differences between half-periods
were no greater than ±1/30 of second corresponding to the frame rate of used digital
camera. Therefore, we considered the frequency of oscillation as constant and only
the average value of 2·f 0 for selected n half-periods was computed (as difference
between the times of initial and final amplitude divided by number of amplitudes).
The measured values and results of computations are listed in Table 2 in numerical
form.

We also tried to measure the oscillation frequency by a laser optical speed sensor
connected to a portable vibration analyzer. As reference for the sensor, a reflexive
mark was attached on an additional nut on the threaded rod. Unfortunately, the
evaluated value of frequency was constantly changing. It was due to fact that the
reflexive mark has no zero width and the difference between the moments of entering
and leaving the laser beam is rising with decreasing amplitude. Thus, this method of
frequency measurement cannot be directly used for evaluating the frequency of free
oscillating pendulum with friction damping. The optical speed sensor could be used

Table 2 Measured and computed values for measurements with added pendulum

No. mW [kg] mP [kg] e [m] IP
[kg m2]

n [–] T0/2 [s] 2·f 0
[Hz]

IM
[kg m2]

1 1 2.685 0.2132 0.2794 23 0.8101 1.234 0.09403

2 0.5 2.185 0.1498 0.1588 22 0.8772 1.140 0.09153

3 2 3.685 0.2853 0.5095 59 0.7616 1.313 0.09667

4 3 4.685 0.3227 0.7222 35 0.7391 1.353 0.09859

5 0.5 2.185 0.1337 0.1259 15 0.8667 1.154 0.09220

6 1 2.685 0.1884 0.2177 39 0.7897 1.266 0.09587

7 2 3.685 0.2487 0.3872 32 0.7281 1.373 0.09570

8 3 4.685 0.2800 0.5439 46 0.7001 1.428 0.09524

9 0.5 2.185 0.1220 0.1049 18 0.8592 1.164 0.09071

10 1 2.685 0.1695 0.1764 30 0.7735 1.293 0.09425

11 2 3.685 0.2226 0.3103 50 0.7073 1.414 0.09763

12 3 4.685 0.2489 0.4306 50 0.6741 1.483 0.09609

13 0.5 2.185 0.1097 0.08556 16 0.8687 1.151 0.09423

14 1 2.685 0.1502 0.1394 25 0.7615 1.313 0.09303

15 2 3.685 0.1948 0.239 50 0.6860 1.458 0.09677

16 3 4.685 0.2164 0.3273 50 0.6493 1.540 0.09749

17 0.5 2.185 0.09765 0.06913 22 0.8787 1.138 0.09463

18 1 2.685 0.1310 0.1078 25 0.7614 1.313 0.09490

19 2 3.685 0.1673 0.1785 40 0.6699 1.493 0.09651

20 3 4.685 0.1840 0.2396 50 0.6286 1.591 0.09899
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Fig. 7 Moment of inertia—computed values for added pendulum method

in case when the acquired signal is processed with an algorithm adapted to given
conditions.

The dependence of computed mass moment inertia on pendulum weight is shown
in Fig. 7. It can be seen that the computed values of moment of inertia are slightly
increasing with increasing weight. Which could be caused by the presence of other
than dry friction, dependence of dry friction on radial forces acting on the rotor
bearings, using imprecise mass parameters of pendulum [18], etc.

The average computed moment of inertia for this method is IM = 0.09547 kg m2.
The standard sample deviation is sIM = 0.002403 kg m2 which is equal to 2.52% of
the average value. For practical purposes, the moment of inertia can be considered
as IM = 0.095 ± 0.0024 kg m2.

3 Conclusion

Based on presented data, both of used methods are giving very similar results for the
rotor mass moment of inertia for the used SM 160 L type DC electric motor:

• IM = 0.094 ± 0.0015 kg m2 (±1.58%) determined by unwinding weight method
versus,

• IM = 0.095 ± 0.0024 kg m2 (±2.52%) determined by added pendulum method.

The main advantage of presented methods is the usage of very simple equipment
as weights, standard mechanic components, and only a common digital camera as
recording device.
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However, the precision of obtained mass moment of inertia values should be
confirmed by a more precise method unaffected by friction, e.g., bifilar torsional
pendulum with unassembled rotor.

Also the assumption of constant friction torque of rotor bearings should be closely
examined by additional measurements. If the friction torque depends, e.g., on radial
force or speed, the presented formulas for evaluating mass moment of inertia should
be adapted to that fact.

But the above-mentioned problems will be part of further research.
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6. Urbanský M, Homišin J, Čopan P (2013) Examination of mechanical system response to
gaseous media pressure changes in the pneumatic coupling. Sci J Silesian Univ Technol Ser
Transp 81:143–149

7. Urbanský M (2017) Harmonic analysis of torsional vibration force excitation. Sci J Silesian
Univ Technol Ser Transp 97:181–187

8. Łazarz B, Wojnar G, Madej H, Czech P (2009) Evaluation of gear power losses from
experimental test data and analytical methods. Mechanika 80(6):56–63

9. Vojtková J (2017) Determining and verifying the geometric characteristics of helical grooves
in the worm in planetary toroidal drives in a more effective way. Sci J Silesian Univ Technol
Ser Transp 96:197–204
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The Influence Long-Term Operating
Load to the Riveted Join

Václav Kubec , Josef Hodek , Antonín Prantl and Petr Votápek

Abstract The paper deals with the life of the joints in the long-term operational
load. For designing and dimensioning is important the feedback that the design was
correctly designed and the component was not over-sized or undersized. This feed-
back becomes increasingly important, because it is now a trend to design lightweight
structures with maximum use of the material. The consequence of this suggestion
method is that the established safety margin does not allow for any errors or inaccu-
racies. The danger and weak side of this approach is to estimate the long-term life
of the designed structure. In the research, we had the opportunity to analyze riveted
bridge structure, which has been in operation since 1905. An analysis of the residual
stress is published in the paper and is compared with the assumed bias in the newly
made construction. The state of the rivet joint after a century operation is judged on
the basis of this comparison.

Keywords Joining · Riveted joint · Long-term load · Residual stress

1 Introduction

The problem of how to joinmaterials together emergedwith the first human activities
that could be described as manufacturing. Although this problem may seem to have
been solved already, research into and development of joining processes are still
relevant, particularly due to the ever-increasing number of new materials.

In terms of their lifetime, prestressed structures tend to exhibit better properties
than those without prestressing.

This year, a reconstruction of bridges (see Fig. 1) in a railway station in the Czech
city of Pilsen began. Under this project, their riveted steel frames will be replaced
with reinforced concrete structures. The bridges have been in use since 1905, over
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Fig. 1 Bridge before reconstruction [1]. Test sample—on the right

a century. Their original riveted frames were to be scrapped. We were thus able
to arrange with their owner to take samples for investigation. These samples will
be studied using non-destructive as well as destructive methods. The purpose is to
evaluate effects of service loads and time on this structure and its material. One of
the samples, which were used for analysis, is shown in Fig. 1.

This contribution concerns a riveted joint in the bridge and focuses on comparing
residual stress values determined by the contour method and by FE analysis.

2 Theoretical Background

Two methods were used to determine the condition of the joint. One was the contour
method for determining residual stresses in components and the otherwas an ordinary
finite element (FE) calculation. The purpose was to assess the condition of the joints
after 100 years in service by comparing the results of the contour method and the FE
analysis.

2.1 Contour Method

The contour method [2–4] is based on the elastic superposition principle: if parts of
a divided body are subjected to an external force or to a defined displacement in the
cut area such that the shape change resulting from the division is eliminated, then
these forces must be equivalent to the stress present in the intact body before cutting.
This principle is shown schematically in Fig. 2.

The component in which residual stress is present, Fig. 2a, is cut into two parts.
Normal and tangential components of the released stress cause the surface deforma-
tion shown in Fig. 2b. By imposing external forces, the original stress conditions can
be restored in Fig. 2c.
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Fig. 2 Schematic representation of the contour method

The following principles must apply:

• all stresses after cutting are purely elastic,
• the cutting process must not have a significant effect on the resulting parts and
• the cut surface must be a plane.

After cutting, the new surface becomes distorted due to the normal and tangential
stresses released. In practice, only normal stresses can be measured. If, however, the
measurement is carried out on both cut surfaces and the values are averaged, the
tangential stresses cancel out.

3 Application of Contour Method to Bridge Rivet

A bridge rivet was cut out from a fragment of the bridge structure using a table saw,
as illustrated in Fig. 3.
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Fig. 3 Rivets cut out from a fragment of the bridge structure on the left. Disassembly of the
joint—on the right

The materials fastened together by the rivet were carefully removed after a small
cut had been made in the rivet head with a wire EDM machine, as shown in Fig. 3.

The rivet was cut using a wire EDMmachine (see Fig. 4, on the left). The contour
methodwas applied to the resultant cut surfaces (see Fig. 4, on the right) to determine
residual stresses perpendicular to these surfaces which existed after the rivet had been
removed from the structure.

The cutting operation released the residual stresses in the rivet, resulting in the cut
surface distortion. The distortion was measured with a Mitutoyo coordinate measur-
ing machine (CMM) fitted with the Renishaw PH10T measuring head. The readings
were adjusted, summed, smoothed and inverted by a user script in the octave environ-
ment (see Fig. 5, on the left). The resultant data were input as a boundary condition
into the software MSC MARC (see Fig. 5, on the right).

The simulation was formulated as a linear elastic problem, using the modulus of
elasticityE= 211GPa and Poisson’s ratio ν = 0.29. Themesh of themodel consisted
of 4130 linear quadrilateral elements.

By applying the boundary condition to the cut surface of the rivet, one can deter-
mine the stress state in the rivet before cutting. Figure 6 shows the distribution of
calculated stress normal to the plane of cutting. It is non-uniform. It appears that
cutting with a wire EDM machine probably affected the stress distribution because
it is symmetrical with respect to the cutting axis.

Stress profiles along line segments oriented in the cutting direction and perpen-
dicularly to the cutting direction (see Fig. 7).

Fig. 4 Method of cutting the rivet—on the left. Rivet after cutting—on the right
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Fig. 5 Output generated by octave script—in left, FE model in the MSC MARC software in right

Fig. 6 Stress in the rivet normal to the plane of cutting [MPa] and indicated the direction of cutting
in a wire EDM machine

4 Calculation of Post-assembly Condition

In the first step, input data for materials of the joint were determined. After consider-
ing the year of manufacture of the joint, we decided to use the JMatPro software for
finding the materials characteristics. Using this software, thermomechanical proper-
ties of materials can be calculated from their chemical composition alone. Table 1
describes the chemical composition of the rivet material.

This way, all data for elastic behaviour are obtained (among them the modulus
of elasticity and Poisson’s ratio), as well as thermal properties (including thermal
conductivity and heat capacity) and their temperature dependences. The data for
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Fig. 7 Profiles of stress on the cut surface normal to the plane of cutting [MPa]

Table 1 Chemical composition of rivet, in [%]

C Si Mn S Cr Ni Cu N Fe

0.136 0.025 0.306 0.040 0.056 0.039 0.084 0.0167 99.205

plastic behaviour is generated in a tabular form for the full range of temperatures the
full spectrum of strain rates. A portion of this data is shown in Fig. 8.

4.1 Parameters of the Riveted Joint

At the time of construction of this bridge, riveted joints for bridges were specified in
applicable standards. These included load calculations, which cannot be replicated
today because the input information for the bridge design is no longer available.

In this particular case, it was important to find standardized dimensions of riv-
ets and assembly specifications. The rivets were brought to bright red heat, i.e. to
approximately 800 °C [5].

The exact rivet size was determined from the thickness of the
parts being joined. With rivets chosen for this experimental investigation, the
thickness of plates was s = 10 mm.

d = 2 · s = 2 · 10 = 20mm (1)

D = 1.5 · d = 1.5 · 20 = 30mm (2)
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Fig. 8 Portion of plastic behaviour data for the material of the rivet

v = 0.6 · d = 0.6 · 20 = 12m (3)

r = d/
1.3 = 20/

1.3 = 15m (4)

The above dimensions were input into finite element calculations. The purpose
was to find the stress distribution in the rivet after assembling and the rivet distortion
after the joint was disassembled.

4.2 Numerical Calculation of Assembly

The simulation was carried out as an axisymmetric problem. Only one half of the
joint was included in the model. The calculation had two steps, which simulated the
process of assembly and the disassembly of the joint (see Fig. 9).

For the first step, a model was constructed for calculating stresses in the riveted
joint in the bridge structure. The rivet cooled from a riveting temperature of 800 °C
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Fig. 9 Schematic arrangement of parts in the calc. carried out with the DEFORM software

to ambient temperature (the riveting process was omitted). This generated pre-stress.
In the second step, the plates joined by the rivet were removed which allowed the
stresses in the rivet to relax.

The stress of interest is the stress component which is perpendicular to the plane of
symmetry, and therefore corresponds to the axial stress in the axisymmetric problem.
The stress distribution is shown in Fig. 10.

For the sake of comparison, axial stress values in the plane of symmetry were
plotted in a graph Fig. 11.

Fig. 10 Axial stress
calculated with the
DEFORM software
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Fig. 11 Axial stress in the plane of symmetry as calculated with the DEFORM software

5 Conclusion

One of the crucial aspects of designing structures involves predicting their life. Calcu-
lations are often based on experience-based assumptions.When a particular structure
reaches its predicted life, the operator faces the question whether to continue using
it or replace it.

This paper deals with an FE calculation of residual stress in a rivet in a bridge
structure and compares the result with values found by the contour method. It is
the first step in a series of investigations into effects of operation overtime on the
structure of the bridge.

It is clear from the graph in Fig. 12 that in the sub-surface regions of the rivet
shank, the magnitude of residual stress found by the contour method is in relatively
good agreement with calculated values. Differences in stress levels can be seen in
the centre of the rivet, where the contour method yields lower stress values. One of
the possible reasons is the effect of a long-term load on the rivet in the bridge, which
the FE simulation might be unable to reflect accurately. Another limitation of this
experimental investigation is that only one rivet was examined.

Nevertheless, these initial results suggest that the condition of the bridge joints
is good. The authors will continue to examine more rivets, carry out metallographic
characterization and perform additional tests to obtain as accurate description of their
material as possible.With such information, it will be possible to refine the FEmodel
of the rivet and perhaps identify the cause of the discrepancy reported in this paper.
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Fig. 12 Stress values compared
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MACHINE PARTS). Česká matice technická, Praha

http://www.oplzni.eu/?p=6644


Monitoring of the Measurement Process
Capability by Using Capability Indices

Ĺuboš Kučera, Jakub Palenčár, Rudolf Palenčár, Stanislav Ďuriš,
Ján Vachálek and Jan Rybář

Abstract Requirements related to accuracy of measurement and other metrological
properties are required for measurement. Expression of the quality of the measure-
ment is generally solved by the uncertainty of measurement. For measurements in
industry, in addition to uncertainty increasingly also used capability index. We take
advantage of experiences when determining the capability of production processes.
There are some specifics related to the probability of their validity and in partic-
ular due to the uncertainty of the check measurement standard used. With help of
this standard, we determine capability of measurement process. This contribution is
addressed mainly to the impact of the uncertainty of a check standard for the capabil-
ity index calculation. In practice, it is generally assumed that the uncertainty of the
check standard in the assessment of the capability indices of measurement process
is negligible. However, there may be cases that it is not negligible. In this paper, we
examine how uncertainty of the check standard affects capability indices. This may
be particularly important for lower index values, when data from the uncertainty of
the check standard indicate that the process is satisfactory and in fact it may not
be. The contribution also includes correction factors that allow correct the empirical
value of the capability index and thus avoiding a possible mistaken assessment of
the measurement process capability.

Keywords Capability index · Check measurement standard · Check measurement
standard uncertainty
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1 Introduction

Capability indices compare the required (prescribed) precision of the measurement
process with real process variability and deflection (bias). In praxis, the so-called
first generation of the indices: Cg and Cgk are used. The calculated values of these
indices should be higher than 1.33 to claim that the measurement process is suitable
for the process it has been created for.

The use of capability indices makes it possible to avoid controlling the suitability
of themeasurement process bymeans of uncertainties, which is challenging since the
sources of uncertainty and their valuation need to be determined. The use of capability
indices is conditioned using so-called check standard (CS). The exact “true” nominal
value of theCS is not known.We can only estimate its valuewith a certain uncertainty.
ThisCSuncertainty under 10%of the overall process uncertainty is usually neglected,
similarly like the measurement uncertainty in manufacturing processes [1–8]. This
assumption assumes that the error of CS during a repeated measurement is within the
limits of the expanded uncertainty and is therefore random. Unfortunately, during the
repeated measurements, the check standard can develop a bias under some specific
conditions. The influence of the CS uncertainty was analyzed in [9, 10].

There was thesis, which proposes also usage of the capability indices of the next
generations in measurement process analysis [10, 11]. In the upcoming sections of
this publication, the effect of such bias will be shown together with the evidence that
a CS uncertainty with a value less than 10% can have a considerable effect on the
final value of the capability indices and consequently on the final assessment of the
capability of the measurement process.

2 Theory

What we know about the CS, it is true value around the declared value within±Ucs,
where Ucs is extended CS uncertainty. Thus, the CS error can be in range of ±Ucs.
When we assess the measurement process capability, we need the most unfavorable
situation to consider. This is when the CS error is equal the value of theUcs and at the
same time will be aiming opposite direction like the true deflection of the measured
process.

Let us assume that the measurement process has a distribution:

X : N(
μ, σ 2

)
(1)

the check standard has a distribution:

XCS : N (μCS, 0) (2)



Monitoring of the Measurement Process Capability … 329

and the measurement result y originating from the CS will have the following
distribution:

Y : N(
μY + μCS, σ

2
Y = σ 2

)
(3)

assumption of normality is not strict, practically speaking.

3 Capability Index Cgk and the CS Uncertainty

We have defined the capability index according to the following equation:

Cgk = U − |δ|
2σ

= U

2σ
− |δ|

2σ
= Cg − |δ|

U
Cg(1− ν) (4)

Capability index Cg is defined:

Cg = U

2σ
(5)

The parameter ν is the proportional deflection of the measurement process:

ν = |δ|
U

(6)

where δ = μ − m and m = μcs.
In this case, μcs represents the “true” value of the CS, which is the desired final

value.
In this scenario, we will obtain the empirical capability indexCY

gk by swapping the
μ forμY and σ for σY. If we apply all the previouslymentioned point the relationship
between the “real” capability index Cgk and empirical capability index CY

gk will have
the following form:

Cζ
gk =

U − |δ| − δCS

2σ
= U − |δ|

2σ
− δCS

2σ
= Cgk − δCS

2σ
= Cgk − U

2σ

δCS

U

= Cgk − Cgγ = Cgk − Cgk
γ

1− v
= Cgk

(
1− γ

1− v

)
(7)

where

γ = δCS

U
, (8)

δCS = μCS − xCS (9)
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While xcs is the nominal value of CS (indicated values by CS). This means that
the empirical capability index can have a smaller or higher value than the “true”
capability index. With the increase of λA (which is a consequence of increasing CS
data fluctuations based on the overall uncertainty of CS), Cgk increases as well. On
the other hand, with the increase of CS systematic error, the Cgk has an increasing
tendency as well. This is valid for the case where the systematic error of CS (δcs)
deflects in the same direction as the measurement process δ. Then:

Cgk = Cζ
gk

1

1− γ

1−v

(10)

In the case that the systematic error CS (δcs) has an opposite deflection direction
as the measuring process δ, the γ will be negative. In this case, we must consider the
worst-case scenario and multiply the empirical capability index with a factor:

1/

(
1+ |γ |

1− v

)
. (11)

In order to apply, this correction knowledge of the CS uncertainty sources is
required. This means to know the contribution to the uncertainty originating from
the fluctuations of the values generated by the CS and the systematic error of the CS.
To gather and define this information can be in some cases complicated and time
consuming. In most cases, we assumed that considerable part of the CS uncertainty
would manifest itself by the fluctuation of its generated values. If the considerable
part of the CS uncertainty is manifested by in the systematic error, and that the γ

(relative deflection of CS) is represented by the whole relative uncertainty of CS.
The possible differences between the calculated and “real” probability index that

are dependent of the CS uncertainty values can be seen in Fig. 1.

For the measured values Yi the probability index CY
Cg

∧

will be calculated form
empirical data according to the following equation:

Ĉζ
gk =

U − ∣∣Y − xCS
∣∣

2s
(12)

where

s2 = 1

n

n∑

i=1

(
Yi − Y

)2
(13)

Y = 1

n

n∑

i=1

Yi (14)

are the most credible estimates of σ 2
Y and μy .
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Fig. 1 Share of experimental indices to “real”

4 Conclusion

In practice, it is generally assumed that the uncertainty of the check standard is
negligible when it comes to the assessment of probability indices. Although there
can be cases, in which this assumption is not correct. Within this publication, the
effects of check standards uncertainty on the probability indices were investigated.
Knowledge of check standard uncertainty effect can be important at lower index
values when the data can indicate that the process is unsuitable, when in reality, it
is suitable. As we can see from Fig. 1 that not considering the CS uncertainty even
at values lower than 10% (especially, by small components of type A uncertainties)
can result in false conclusions. This is especially true for the probability index values
Ckg that are close to a number 1.33. Specifically, in these cases, neglecting of CS
uncertainty can result in false evaluation of suitability of the measurement process.
The introduction of a correction factor that was presented in the previous sections
enables the correction of the empirical value, which results in the avoidance of a
possible incorrect assessment of the suitability of the measurement process.
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332 Ĺ. Kučera et al.

References

1. Pearn WL, Kotz S (2006) Encyclopedia and handbook of process capability indices. World
Scientific Co. Pte. Ltd., Singapore

2. Pearn WL, Liao MY (2006) One-sided process capability assessment in the presence of
measurement errors. Qual Reliab Eng Int 22(7):771–785

3. Baral AK, Anis MZ (2015) Assessment of Cpm in the presence of measurement errors. J Stat
Theory Appl 14(1):13–27

4. Grau D (2013) Testing capability indices for one-sided processes with measurement errors. Int
J Metrol Qual Eng 4:71–80

5. Haq A, Brown J, Moltchanova E et al (2015) Effect of measurement error on exponentially
weighted moving average control charts under ranked set sampling schemes. J Stat Comput
Simul 85:1224–1246

6. Maleki MR, Amiri A, Castagliola P (2017) Measurement errors in statistical process
monitoring: a literature review. Comput Ind Eng 103:316–329

7. NIST/SEMATECH e-handbook of statistical methods (2018). http://www.itl.nist.gov.
Accessed 2018/11/3

8. Bordignon S, Scagliarini M (2002) Statistical analysis of process capability indices with
measurement errors. Qual Reliab Eng Int 18(4):321–332

9. Palencar J, Palencar R, Šooš L, Schreier Z (2016) Impact of the check measurement standard
uncertainty on the calculation of the capability indices of the measurement process. Metrol
Test 22(2):10–13

10. Palencar J (2017) Measurement process monitoring using the capability indices. Dissertation
thesis, Slovak University of Technology in Bratislava, Bratislava

11. Kurekova E (2017) Measurement process capability—trends and approaches. Meas Sci Rev
1(1):43–46

http://www.itl.nist.gov


The Digital Twin of a Measuring Process
Within the Industry 4.0 Concept

Ĺuboš Kučera, Ján Vachálek, Markus Melicher, Pavol Vašek
and Juraj Slovák

Abstract This paper approaches the creation of a digital twin based on a real mea-
suring process in order to convert it into digital form as a virtual model within a
selected software-based virtualization environment. Subsequently, a real-world data
comparative flow is obtained from sensors; afterward, analysiswithin their calculated
uncertainties and the digital twin data values are made. Such treated real measuring
process data are inserted into a database, from where they are compared with the
virtual digital twin data, where necessary trending-based analysis is made, for the
purpose of proactive maintenance and the measuring process optimization. Such col-
lected data are also stored for later-planned analysis within the Industry 4.0 concept
in the form of big data databases.

Keywords Industry 4.0 · Digital twin · Measurements uncertainties · Proactive
maintenance · Ultrasonic sensor

1 Introduction

The basic idea, which this paper approaches, is the creation of a digital twin to
a real measuring process in order to compare the real measured values, gathered
from the physically available system, with the ideal values gathered from a virtually
created model called a digital twin. Such a comparison of data and the discovery
of discrepancies between the measured and ideal values have great justification for
the use of proactive maintenance. Afterward, it is possible to set the limits where
the measured values are already outside the set optimal interval, but still within the
interval where the system has no fault, which would affect the function of the process
[1].
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This interval between the still-usable limit and the imminent fault is just ideal
from the point of carrying out proactive maintenance on the system. Saving funds
from the long-term perspective will be achieved by such precise performed actions to
repair or calibrate the device within the described interval, because the time window
for performing such proactive maintenance will be visible and known in advance
from the graphical representations and the maintenance department can be prepared
for the 2 outages sufficiently in advance. Otherwise, it is a common practice that such
systems are repaired or calibrated at predetermined intervals, which are oversized
due to the consideration of security coefficients, or once the fault has occurred, and
the system is forced to underlay maintenance. In both the described cases, higher
device operating costs are caused by early intervention or unexpected downtime.

2 Proactive Maintenance

The proactive type of maintenance should keep the serviceability of the object under
control and continuously increasing the level of it. Data from diagnostics and the
measurements are used as the source of information for the purpose of estimating
the levels of proactive maintenance [2].

One of the barriers for the expansion of proactive maintenance was the difficulty
of gathering consistent and relevant operating conditions and the technical state of the
equipment. Such information was difficult to obtain in the past, as reports on working
conditions were depended in general on human input, which can be considered at
best as incomplete or inaccurate [2].

With the increasing amount of automation, current information from the devices
can rely heavily on information provided by software tools to analyze their tech-
nical state with modern monitoring systems. These systems usually generate alarm
messages in cases where signs of an approaching failure appear suddenly in the mon-
itored elements so that a corrective action can be activated immediately, before any
signs of faults appear [3].

The main goals of proactive maintenance are [2]:

• Further reduction of maintenance and operation costs of the object.
• Preventing faults by extending the technical lifespan of the objects.
• Statistical control of random and systematic influences affecting the serviceability
of the object.

A proactive approach is the one that not only monitors and evaluates the technical
state, but also primarily performs interventions that prevent or at least delay the
occurrence of faults and damage.
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3 Uncertainties in the Measurement Process

Industry 4.0 concept uses a large amount of information called “big data.” In themea-
surement process, big data are formed by measured values in real time. Measured
values have minimal informative value for the customer if uncertainties of the mea-
surement are unknown. The reason why uncertainties are necessary for proactive
maintenance stems from using proactive maintenance to optimize technical pro-
cesses. Finding and removing the causes of an undesired state of the system requires
reading values from sensors and defining the range of values for which the system
is still operating in optimal state. The main problem is the fact that the measured
values do not represent real values which are not taken into consideration. In prac-
tice, the source of such errors may be a human factor, incorrectly calibrated sensor,
inappropriate measurement method, etc., [4].

Consider that the measurement interval in which a system still works optimally
is (a, b). No measurement is accurate, and therefore, when measuring this interval,
there is either a random or a systematic error. There may be situations where the
condition X ∈ (a, b) does not apply because X = ±x, where x represents uncertainty
of measurement and X measured value. To avoid these situations, it is necessary to
add the measurement uncertainty to the measured value and thus avoid exceeding
the allowed interval in which the system is working properly. The secure interval
will be in the form of: a < X ± x < b, X, x ∈ R [5].

Uncertainties can be evaluated by two basic methods depending on whether
the causes of these uncertainties are known. In case of unknown causes, standard
uncertainties type A are evaluated using statistical analysis. According to the new
calculation method, standard uncertainty type A is calculated as [4–6]:

uA =

√
√
√
√
√

n − 1

n − 3

√
√
√
√

1

n(n − 1)

n
∑

i=1

(xi − x̄)(xi − x̄)2 (1)

where n is number of measurements, xi is the measured value, and x̄ is the arithmetic
mean of measured values. Standard uncertainties type B are linked to known, identi-
fied sources. This type of uncertainties is based on partial uncertainties of individual
sources (2).

ub =
√

u2B1 + u2B2 + . . . + u2Bk (2)

where u2Bi are individual components of the uncertainties measured by method B and
calculated as:

uB = kx�s� (3)
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s� = �√
3

(4)

Parameter k represents the expansion coefficient with a value based on the prob-
ability distribution. The � is the magnitude estimate of changes from the true value
of the variable. Using a combined standard measurement uncertainty (5), an interval
is formed which contains the actual value of measured variable with the probability
of approximately 68%.

uc =
√

u2A +U 2
B (5)

The combined standard uncertainty of measurement and cover coefficient arise
expanded uncertainty of measurement (6). Cover coefficient k depends on the
probability distribution with a value greater than 1.

U = k · uc (6)

4 Case Study

The main goal was to create an interface, which is user-friendly and allows the user
to easily change the parameters of the measuring instrument. The main benefit of the
interface is that the user is able to test more sensors, only by changing the parameters
without the need to reprogram. For the creation of the interface, the Siemens PLM
solution plant simulation platformwas used. The part of the interface used for setting
parameters is shown in Fig. 1.

For the testing purpose of our interface, the Sonar-Bero 3RG6113-3BF00 sensor
by Siemens was used. The measuring range of this sensor is from 20 to 130 cm. For

Fig. 1 Sensor settings within the user interface
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Fig. 2 The ideal current characteristic for the Sonar-Bero ultrasonic sensor

our purpose, the low limit distance was programmed to 30 cm, which corresponds
with the current 0 mA and the high limit distance to 60 cm which correspond with
the current 20 mA.

Since the output current of the sensor is proportional to measured distance, the
current characteristics of the sensor are a straight line as shown in Fig. 2.

The sampling period for the measurement was set to 3 mm, and the real value
of the current in measured points was counted using the equation of a straight line.
Then, the calculationwas programmed into the interface, which allowed the interface
to compute the real values for any sampling period and limits [7].

The dataset used for the testing consists of 50 whole range measurements with
the same sampling period of 3 mm. The dataset was acquired using Fluke 287 RMS
multimeters connected to a database. Our calculations also take into consideration
two individual components of uncertainties, the uncertainty of the multimeters and
the uncertainty of the ultrasonic sensor. These parameters are also adjustable in the
interface to suit the currently used components.

The interface operates in two different modes (see Fig. 3). The first one is the
manualmode. Themanualmode is controlled by buttons and allows the user to import
data from excel or other database to compute uncertainties and export the data. The
automatic mode contains a generator, which updates the connected database after a
preset period. After the update, the program computes uncertainties and examines
if the values measured by the sensor are within the limits. If the values are located
outside of the permitted range bordered by the high limit current and low limit current
for the measured distance, the program prompts a message for the user to let him
know there is a need for proactive maintenance.

The figures show measured values obtained using Sonar-Bero 3RG6113-3BF00
sensors. The figures are divided into three zones. The first zone is located between
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Fig. 3 Operation mode selection within the user interface

the high limit and the low limit line. The high limit line represents the sum of mean
value computed from the measurements in measured points and combined standard
uncertainty in measured points. The low limit line represents mean value minus
the combined standard uncertainty. The real value of current in measured points is
computed using the equation of a straight line. The size of the proactive maintenance
zone depends on the needs of the process. For our purpose, the zone is bounded by
two lines, which represent the ideal value in given measurement point plus or minus
10% of its value [8].

In Fig. 4, all the values received from the sensor are located in between the high
and the low limit. In this case, the sensor is measuring correctly and there is no need
for any kind of maintenance.

In Fig. 5, one of the values is located above the high limit but inside of the
proactive maintenance zone. If this case occurs, the program saves the date and time
of the occurrence into a table together with the ID of the sensor and informs the user
there might be a need for proactive maintenance. The proactive maintenance zone
signalizes there might be a problem with the sensor or the process, but for now, it is
not a danger for the process.
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Fig. 4 Measurement sample of correct data

Fig. 5 Measurement sample of data within the proactive maintenance limits

In Fig. 6, some of the values are located outside of the proactive maintenance
zone. In this case, the operator receives a warning that the value is out of limits. It
indicates that the process is no longer working properly and has to be terminated
before it causes damage to instruments or products.
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Fig. 6 Measurement sample of data outside the proactive maintenance limits

5 Conclusion

The paper introduces progressive methods of statistic evaluation of measured values
for the needs of proactive maintenance. The interface created in Siemens Tecnomatix
plant simulation platform was experimentally verified using the data obtained from
ultrasonic sensors. Based on trends tracking and deviation growth, we were able to
set the parameters required for proactive maintenance. After setting up the interface,
the program is able to justify the credibility of collected data and to detect poten-
tial error of the measuring device. The program is also able to detect the need for
proactive maintenance of the sensor, and based on this knowledge, plan the proac-
tive maintenance of the chosen technology. Our future goal is to extend the created
concept and test the interface on a real industrial process.
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FE Analysis of Load Distribution
in Clinched Joints Array

Pavel Maly and Frantisek Lopot

Abstract Clinching represents one of the modern technologies applied in industrial
production for connecting sheet-metal components into complex assemblies con-
sidering desired functionality and parameters. This article describes the use of FE
method for simulation of connection of two sheet-metal plates using three clinching
joints. The simulation model uses 3D solid bodies of connected sheet-metal plates
and 3D model of the clinched joint. The clinched joint is modeled as a shaped inter-
lock of sheet-metal plates with help of the tie connection and hard contact with
penalty friction. The uniaxial stress in the vicinity of each clinched joints is used
for analysis of the simulation results. This specific place corresponds with the place-
ment of strain gauges during the experimental measurements on real specimens. The
set of five simulation model and tested specimens with different joints spacing was
used. Therefore, the results of simulation and experimental testing can be compared
and used for general simplified analysis of load distribution between three joints
depending on their spacing.

Keywords Clinched joint · FE simulation · FEM · Array of joints · Experimental
testing · Strain gauge

1 Introduction

There is an effort to produce lightweight constructions in these days, because engi-
neering structural, together with economic and environmental reasons, is becoming
more important. These goals can be achieved using thin-walled parts joined together
into a final assembly. Therefore, suitable joining method of sheet-metal plates is
also of great importance especially in many industrial branches such as automotive,
aerospace, or production of electric appliances and furniture. When the parts are
connected together, more simple joints are used to achieve desired properties of the
final assemblies.
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Fig. 1 Clinched round joint [1]

1.1 Clinching Technology

The clinching technology is a method of joining sheet-metal plates by localized cold
forming of materials. There are many worldwide suppliers of this technology (e.g.,
TOX PRESSOTECHNIK [1], BTM Corporation, Böllhoff, Eckold clinching, etc.).
The example of the clinching technology, specifically for a round joint, is shown in
Fig. 1. The main principle of joint creation is to form an interlock between connected
plates with help of special tooling, i.e., shaped punch and die.

1.2 Methods

All components and products have different parameters that describe the main prop-
erties.Moreover, they often specify the functionality and feasibility. There are various
methods on how to obtain the desired parameters, and simulation and experimental
methods are one of the most used. The general application of these methods can be
found in [2, 3].

Some sources can be found describing different approaches regarding clinched
joints and joints in general. The previous study was done also with help of analytic
methods. The articles [4, 5] describe the concept for load distribution in connection
with joints arrays focusing on the analytic approach. The general analysis of load
distribution between more rivets in the row using analytical method is described in
[6]. Experimental approach for load transfer and fatigue life for multiple-row joints
is given in [7]. Another research on FE modeling of clinched joints in assemblies
can be found in [8].

2 Finite Element Simulation

Previous research of clinched joint FE simulations was done using the model with
one round joint and is summarized in [9, 10]. The simulations with one clinched
joint model considered different influences and parameters, and the conclusions
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were therefore used in the simulations of specimens with three joints in the row. The
engineering software Abaqus CAE was used for the FE analysis.

2.1 FE Simulation Model

The simulation 3Dmodel consists of two plates connected by the three joints. Scheme
of the simulation model is shown in Fig. 2 where the boundary conditions are also
shown. The assumed cross-section of the plates is 40 × 3, and the length of plates
corresponds to the real specimens used for experimental testing. Half of the model
was used in simulations because the symmetry of the specimen in planeXY is obvious.

The used material is steel with isotropic elastic behavior (Young’s modulus
210GPa and Poisson’s ratio 0.3), and themesh uses 8-node linear brickswith reduced
integration (C3D8R).

The loading force was applied at the end of the bottom plate in the X direction
and corresponds to the value of 3000 N. The force is lower than shear strength of the
joint, so the plastic deformations are not assumed.

Three paths and places of interest near each joint were defined to analyze the
results. Each place of interest is located in the vicinity of the joint, i.e., 5 mm from
the edge of the punched hole, and corresponds to the position of the uniaxial strain
gauge on the upper plate of the experimental specimens. The place of interest and
the paths are shown in Fig. 2.

Fig. 2 Simulation FE model
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Fig. 3 Clinched joint model

Table 1 Set of specimens Specimen Cross-section [mm] Joints spacing [mm]

03-40-20 40 × 3 20

03-40-30 40 × 3 30

03-40-40 40 × 3 40

03-40-50 40 × 3 50

03-40-60 40 × 3 60

2.2 Clinched Joint Model

Each joint is an interlock of upper and bottom plates and is created using tie connec-
tion in the bottompart of the joint and hard surface-to-surface contact with friction for
other surfaces (see Fig. 3). The characteristic dimension of the used round clinched
joint, i.e., the outer diameter, is 10 mm.

2.3 Simulations

The set of six simulation models was created and subjected to the calculation. The
spacing between the three joints was the varying parameter. The set of models with
the notation and joints spacing parameter is given in Table 1.

2.4 Results

The resultant stress in X direction (S11) along the paths in the vicinity of the joints
is used for analysis of the simulation results. The example of the results is shown in
Fig. 4. The place of interest is also marked in this graph.

The simulation results, i.e., the calculated stress S11 in the place of interest, are
given in Table 2. The proportionally distributed total load between the joints is also
given, and the sum of the stress of all joints is assumed for the determination. The
proportional load distribution for the specimen with joint spacing of 20 mm is not
included because the stress near the first joint was positive.
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Fig. 4 Resultant stress in X direction (S11)

Table 2 Summary of results

Specimen Joint 1
[N/mm2]

Joint 2
[N/mm2]

Joint 3
[N/mm2]

Joint 1 [%] Joint 2 [%] Joint 3 [%]

03-40-20 5.09 −3.14 −17.01 NA NA NA

03-40-30 −0.91 −1.46 −14.66 5 9 86

03-40-40 −3.58 −0.86 −12.64 21 5 74

03-40-50 −4.81 −0.81 −10.89 29 5 66

03-40-60 −5.93 −1.06 −9.41 36 6 57

3 Experimental Testing

Detailed description of experimental testing of the real clinched joint specimens with
strain gauges is described in [9–11].
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The set of six specimens was used for experimental testing. The dimensions,
material, and other parameters were used the same as for the simulation specimens.
The scheme of the experimental specimen with the specification of the strain gauges
position and the real specimen is shown in Fig. 5.

The measurement was done on the special testing stand, loading was applied by a
hydraulic cylinder, actual loading was measured by a force sensor, and the uniaxial
stress near the joints was obtained with help of strain gauges. The time-dependent
measured data were processed into graph where the dependency between loading
force and measured stress was plotted.

The results of the testing of the real clinched joints specimen with three joints in
the row are given in Table 3 and given in [11].

Fig. 5 Specimen for experimental measurement

Table 3 Results of experimental measurement

Specimen Joint 1 [%] Joint 2 [%] Joint 3 [%] Total loading

03-40-20 40.13 19.75 40.13 100

03-40-30 39.75 20.49 39.75 100

03-40-40 36.72 26.56 36.72 100

03-40-50 36.58 26.85 36.58 100

03-40-60 33.97 32.05 33.97 100
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4 Conclusion

The set of fiveFE3Dsolidmodels of joined two thin-walled plateswith three clinched
joints in the rowwas simulated and analyzed. The joint modeled as an interlock of the
plates and the symmetry of the specimenwere used. The courses of the uniaxial stress
near the joints and their values in the places of interest were used for the analysis
of the results. They can be used for determination of load distribution between the
joints.

In general, the loading of the middle joint is the lowest and the side joints transfer
higher loads. It corresponds to the analytical approach of the load distribution calcu-
lation of three joints in the row [4, 5]. However, according to the analytical approach,
the side joints transfer the same load for the specific case.

If the results of experimental testing and simulations are compared, it is evident
that they differ quite significantly. This can be explained by the influence of the
simulation model, e.g., boundary condition, and by the used experimental method,
e.g., position of the strain gauge or additional bending of the specimen.

Therefore, there is a vast scope for further work and improvements. The research
on the clinched joints continues focusing on the detailed analysis and improvement
of the experimental and simulation methods.

Acknowledgements This studywas supported by the cooperation with the TOX®PRESSOTECH-
NIK, Weingarten, Germany.
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In: Trebuňa F, Bocko J, Frankovský P, Huňady R, Kostka J, Kula T (eds) EAN 2017, 55th
conference on experimental stress analysis. Czech Society for Mechanics, Praha, pp 139–142

11. Maly P, Lopot F, Sojka J (2017) Load distribution analysis in the connection of three clinched
joints array in the row. In: Herak D (ed) ICMD 2017, 58th international conference of machine
design departments. Czech University of Life Sciences Prague, Prague, pp 218–221



Transmission Mechanical Vibrations
in the Car Seat in the Laboratory
Conditions

Rudolf Martonka and Vítězslav Pfliegel

Abstract The comfort of seating on car seats depends on many parameters. People
differ in sex, body, weight, quantity and quality of muscle tissue, and mental and
nerve constitution. Such differences may, according to the actual situation, be a real
mood, a sense of hunger or superstitions, levels of fatigue. In the list of differences
we could continue, e.g. such as a people’s age, weight, corpulence, and so health,
everything has a great effect on the comfort of sitting. Each individual person is
different, behaves differently in the car, and feels different on the car seats while
driving. Such an original person will sit on a unique car seat and demand it to suit
everyone without distinction. We all understand that this is not possible. Without
the personalization of the car seat we can not get anywhere. For the design of the
right car seat, we will first have to carefully examine the person. Then we can ask
the car seat to adapt to the person who sits on it, preferably automatically. Next we
should explore, what kind of sitting more harms health of human, static sitting, or
influence of mechanical vibrations (mechanical shacking) on human, or so damage
to the human nervous system under the influence of driving (stress from complicated
traffic, fast driving, etc.) A sitting position for a person is not entirely natural. Lying
is definitely a better position, which is not good for the long term, but probably not
in the car is good enough. So we have to stay at the seating. We will examine all the
possible parameters and we may come up with some objective conclusions about the
innovation of car seats.

Keywords Car seat · Human · 3-D dummy · Sitting comfort

1 Introduction

In order to perform human testing in laboratory conditions, there are a number of
limitations to be observed, such as the perfect health status of the test person, a test
signal with an acceleration lower than 0.5 g, the possibility of terminating the test
with the test subject immediately, without limitation, the presence of a physician, and
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the presence of a person specifically supervising the test. Interestingly, no restrictions
apply to perform the same human testing under real conditions. However, we have
decided to perform testing under laboratory conditions because of the good repeata-
bility of the tests, the possibility of setting the same test conditions independently of
the season [1, 2]. The test persons were selected from a number of volunteers with
a valid medical check-up and written approval of the tests.

An interview with the test person was performed before each test; the course and
method of the test were explained. The test person was instructed about the safety
mode and the use of the stop button to immediately terminate the test. The first tests
focused on examining the two main comfort parameters of the car seats, the first
pressure distribution in the seat area (static comfort) and the seat cushion (dynamic
comfort). During the test, the person under test did not perform any psychosomatic
tasks.

2 Experiment

Testing was performed at the hydrodynamic laboratory on hexapod. An X sensor for
measuring pressure maps and an acceleration sensor for acceleration measurement
were used. The testing was carried out according to the following plan [3]: first,
after stacking of the pressure maps, followed by static seating without motion for
5 min, again measuring the pressure maps, loading with a dynamic signal of 0.1 g
sin for 3 min, followed by load Ehra for 7 min, followed by dynamic signal 0.1 g
for 3 min, and again measuring the pressure maps. The experiment with dummy is
shown in Fig. 1. Characteristic parameters were defined by international standards,
for example [4–6].

In same timewasmeasured input acceleration on seat rails and output acceleration
on dummy butt. After the mathematical processing of the FFT by transforming the
measured acceleration signals, the signals were mutually divided. From these ratios,
we obtained the transmission characteristics. A set of automobile seats was chosen
to measure and calculate the transmission characteristics of each automobile seat.
The obtained graphs are shown in Fig. 4.

Before and after the dynamic test, measurements of contact pressure distribution
between dummy and car seat were performed. We have compared the change in
contact area size and contact pressure between individual measured images.

3 Results

The measured result is shown in Figs. 2 and 3. By comparing time variations of
measured acceleration and contact pressure field sizes, it is possible to determine the
correlation between dynamic and static parameters that characterize comfort seats.
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Fig. 1 Experiment with dummy

Fig. 2 Contact pressure field of the car seat
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Fig. 3 Contact pressure field before and after dynamic test
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On the two images—Fig. 3 shows the change in contact area size and contact
pressure distribution before and after the dynamic test. At first sight, it can be seen that
the twocontrolled parameters increased after the test—area and contact pressure. This
is due to the upsetting of the PUR foam in the seat filler and thereby its solidification.
This can also be seen on dynamic transmission characteristics. On the transmission
characteristics, this effect is manifested by reducing the peak of the transmission
characteristic and moving it to a higher frequency. This can be seen between a pair
of 1 and 2 curves, the same for 3 and 4 curves (see Fig. 4).

Fig. 4 Transmissibility of the car seat
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4 Conclusion

The following conclusions can be drawn from the measured data. With dynamic
loading of the car seat, the PURfiller is compacted and thus solidified. In this case, the
solidification of the foam results in an increase in contact area and contact pressure.
Thus, it is possible to perform faster and less time-consumingmeasurement of contact
pressure distribution, fromwhich it can be concluded that the selected seat has a large
contact areawith high contact pressure and thuswill have bitter dynamic properties or
dynamic comfort over a small seat. With the larger contact area the contact pressure
is lower. These measurements can also be measured over a period of time on a
dynamically loaded seat and compare changes in dynamic comfort during seat use.
This gives us information on the stability of the mechanical properties of the PUR
filler and the entire seat over time.
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Safety Models of Systems in the Engine
Room with Renewable Elements

Zbigniew Matuszak

Abstract The idea of technical safety system had been characterised. Presented
were basic models of technical safety systems regarded to the highest measures of
safety. Chosen measures of safety were included. Safety measures were illustrated
with Kolmogorov equations. A safety analysis based on the engine room technical
system with renewable elements was presented. It was illustrated, among others,
with Kolmogorov equations. Measures of readiness and unreadiness as well as other
measures of unreliabilitywere indexed. In the complicated system, such as the engine
room, its service depends on its accident-free functioning, as well and often on the
safety of the environment. In estimating of the reliability of the technical system, it is
necessary to take into consideration not only the system’s technical damages, but also
the possibility of errors made by the technical personnel of the engine room. These
errors cause various consequences of safety unreliability in the engine room system,
and identifying these errors should be taken into consideration in the safety models
and indicators of safety reliability and usable. Presented models do not include all of
the possible areas. The presented way includes a narrow possible portion of safety
analysis of exploitation in engine room.

Keywords Safety models · Measures of safety · Measurements of readiness and
unreadiness · Engine room

1 Introduction

The notion of the object’s safety came into use in numerous technical branches.
Significantly, earlier, when technologywas related to structures raised byman, safety
was related only to danger, which is posed to the life of its users. In the thirties, a
study technique was developed which was called a theory of safety, which regarded
mainly to building structures. In research works of that era, it is customary to operate
the idea of safety of the object and to search for various measures of safety; however,
clear and concise definition of safety is not provided, identifying it generally with
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idea of non-destruction of the object (or control point) and sometimes an idea of
non-emergency [1, 2].

Presently, the idea of safety is utilised in relation to objects to which damage
creates a realistic danger to the life of health of human being, as well as in relation to
technical objects, where damage causes smaller or greater economic losses caused
by pauses in utilisation and the necessity of repair. The category of these technical
objects includes all floating objects and particularly vessels [3, 4].

Under the idea of engine room safety, it is necessary to comprehend its quality
characterised by resistance to the formation of dangerous situations. Two states of
safety were highlighted, in which:

• danger to safety appears,
• there does not appear danger to safety.

The measures of safety may be [5]:

• reliability of safety RB, being resistance of engine room systems to errors of its
function causing danger to the system, systems interacting with it, the environment
and human life;

• unreliability of safety QB, i.e. susceptibility of engine room systems, which cause
danger to safety.

Between above-mentioned measures of safety there appears to be an obvious
dependence:

RB + QB = 1 (1)

Additionally to the presented basic indicators of safety, the probability of the
appearance in engine room damages may be included, which causes a pause or
incomplete functioning of the engine room. The indicator is identified as unreliability
to safety QZ or unreliability of functioning [2].

If the events causing unreliability to safety QB or the unreliability of usable QZ

exclude one another, then the overall unreliability of engine room Q is the total of
indicators QB and QZ :

Q = QB + QZ (2)

the meaning:

RB = 1 − Q + QZ (3)

and measures RB, QB and QZ have the character of conditional probability.
There existing general dangers in the functioning of engine room are:

• danger to safety, such as due to the state of engine room, which results in a
secondary damage or other undesirable processes accompanying the damages;
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• danger of safety to objects interacting with engine room such as being the state
of engine room in which the damage could indirectly or directly cause danger to
safety of the equipment and elements interacting therewith;

• danger to the safety of environment, such as the state of the engine room, in which
damage could cause indirect or direct damage is the natural human environment;

• danger to human life, such as the state of engine room, in which damage of its
elements could cause serious bodily injuries or the loss of human life.

2 Methods and Materials

2.1 Selected Safety Models of Renewable Safety Elements
and Systems in the Engine Room

The vast majority of equipment included in the component of particular installations
in the engine room are renewable elements, or as results of repair, or the replacement
for new. Selected renewable models are presented in the example of greasing of
the turbochargers of the series B-591 vessel, of which the simplified structure of
reliability is presented in Fig. 1.

In the engine room installations, two types of elements can be pointed out:

• following the damage to any installation element, the remaining undamaged ele-
ments stop functioning, and during its renewal, they do not become damaged—this
applies to the damaged elements which create a series reliability structure;

• following the damage to any installation element, the remaining undamaged ele-
ments still function and can become damaged during the time of its renewal—
this applies to the damaged elements creating parallel or type “k of n” reliability
structure.

Figure 2 presents the system’s graphs of the reliability series structure called full
renewal, based on a fact that during the renewal process of the damaged element, the
technical condition of the entire system is inspected.

System elements in quantity n are characterised by intensity damages λi intensity
and renewal μi. For such a system, it is accepted that the probability of simultaneous
damage of two or more elements is unlikely. The described model can be described
by a set of Kolmogorov differential equations:

G ′(t) = −G(t) ·
n∑

i=1

λi +
n∑

i=1

gi (t) · μi (4)

g′
i (t) = λi · Gi (t) − μi · gi (t) (5)
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Fig. 1 Infallibility structure
of the lubrication installation
of turbocompressors:
1—lubrication oil cooler;
2—oil filter; 3—lower
circulation oil tank;
4—upper circulation oil
tank; 5—reserve circulation
oil tank; 6.1, 6.2—oil filters
before turbocompressors;
7.1—main circulation oil
pump; 7.2—reserve
circulation oil pump

G(t) +
n∑

i=1

gi (t) = 1 (6)

G(0) = 1; gi (0) = 0; i = 1, 2, . . . n (7)

where: G(t)—measure of system’s readiness; gi(t)—measure of system’s unreadi-
ness.

The Laplace transformations of the above measures have the following form:
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Fig. 2 Graphs of a system with parallel reliability structure with full renewal

G̃(s) =
∏n

l=1(s + μl)

s ·
[∏n

l=1(s + μl) + ∑n
j=1 λ j · ∏n

l=1,l �=1(s + μl)
] (8)

g̃i (s) =
λi · ∏n

j=1
j �=i

(s + μ j )

s ·
[∏n

l=1(s + μl) + ∑n
j=1 λ j · ∏n

l=1
l �= j

(s + μl)

] (9)

Based on the above dependencies, the stationary measures of G readiness and gi
unreadiness are indicated on the dependence of:

G = lim
t→∞ G(t) = lim

t→∞ s · G̃(s) =
∏n

l=1 μl∏n
l=1 μl + ∑n

j=1 λ j · ∏n
l=1
l �= j

μl
(10)

gi = lim
t→∞ gi (t) = lim

t→∞ s · g̃i (s) =
λi · ∏n

j=1
j �=i

μ j

∏n
l=1 μl + ∑n

j=1 λ j · ∏n
l=1
l �= j

μl
(11)

Technical equipment of the engine room installation being elements of the anal-
ysed system, in particular case, could possess identical intensities of renewal (μ1 =
μ2 = … = μn = μ), and in such a case, dependencies (10) and (11) have a form of:

G = μ

μ + λO
(12)

gi = λi

μ + λO
(13)

g =
n∑

i=1

gi = λO

μ + λO
(14)



362 Z. Matuszak

where

λO =
n∑

i=1

λi . (15)

For the above-described principles, the Laplace transformations of a simplified
format as well as of their opposite transformation are available.

Analysing the described system from the safety point, the result of its damage
can be an appearance of usable unreliability, in which event, the system is renewed
with the μi intensity or safety unreliability, which can appear with λBi (i = 1, 2, …,
n) intensity. An appearance of the last condition causes a withdrawal of the system
from exploitation (a pause in exploitation for the renewal activity or for the system
exchange—installation).

Based on graphs of the renewable system with taking into consideration the pos-
sibility of the appearance of safety unreliability is presented in Fig. 3. A set of Kol-
mogorov equations was developed, which later on was useful in indicating, among
others, such measures of reliability of the system as the functioning of system’s unre-
liability usableQi(t), functioning of safety reliability RB(t) and functioning of safety
unreliability QB(t):

R′
O(t) = −λO · RO(t) +

n∑

i=1

μi · QZi (t) (16)

Q′
Zi (t) = λi · RO(t) − (μi + μBi ) · QZi (17)

q ′
Bi (t) = λBi · QZi (t) (18)

with: i = 1, 2, 3 …, n; RO(0) = 1; QZi(0) = 0; QBi(0) = 0; where:

Fig. 3 Graphs of a renewable system regarding the possibility of unreliable safety state
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λO =
n∑

i=1

λi . (19)

Utilising the Laplace transformations as well as opposite transformations,
indicated can be the previously presented measures of reliability:

QZ (t) =
n∑

i=1

QZi (t) (20)

RB(t) = RO(t) + QZ (t) (21)

QB(t) =
n∑

i=1

qBi (t) = 1 − RB(t) (22)

However, the stationary conditional safety unreliability is described by the
dependency of:

qBi = lim
t→∞ qBi (t) =

λBi · λi · ∏n
j=1
i �= j

(μ j + λBj )

λO · ∏n
l=1(μl + μBl) − ∑n

l=1 λl · μl · ∏n
l=1
j �=l

(μ j + λBj )
(23)

Installations of the engine room or the same installations can be in a state of
functioning (working), state of repair, state of awaiting (standby), instituting a hot or
cold reserve. The quantity of these conditions equals to an n, and the time duration
in a given condition is equivalent to lot time of Ai (i = 1, 2, …, n); otherwise, the
system functions until an appearance of damage through time Ti, n+1. Following an
appearance of damage, the system is renewed through time equivalent to Tn+1.

The process of passing to respective conditions is applicator as one creating a
Markov chain with passing probabilities of aij (i, j = 1, 2, …, n).

Marking distribution and function failure probability variable by random time
Ai(t) respective to Ai(t) and ai(t)—Laplace–Stieltjes transformation function Ai(t)
as Ai(s), and following assuming random variable Ti (i = 1, 2, …, n) exponential
distribution of intensity of damagesλi and for randomvariableTn+1 the same intensity
time-table of renewal μ, selected measures of reliability and safety of installation in
engine room (systems) have a form:

time of duration of system i form:

Ti = min (Ai i, Ti, n+1) (24)

distribution random variable Ti:

Fi (t) = 1 − exp(−λi · t)[1 − Ai (t)] (25)
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transformation Laplace–Stieltjes distribution Fi(t):

F̃l(s) =
t∫

0

e−stdFi (t) = s · Ãl · (s + λi ) + λi

λi
(26)

value of awaiting:

T i = E[Ti ] =
[
1

λi
· Ãi (λi )

]
(27)

probability of passing of the system from state i to j in time shorter than t:

Pi j (t) = ai j ·
t∫

0

exp(−λi · u)dFi (u) (28)

probability of passing of the system from the state i to the state of damage (n + 1)
in time shorter than t:

Pi, n+1(t) =
t∫

0

[
1 − exp(−λi · u)

]
dFi (u) (29)

If possible, n conditions of installation of engine room (systems) will be acknowl-
edged as conditions of usable, and then the time of duration in such conditions is
equivalent to time of duration in a condition of usable.

3 Conclusions

The engine room, such as most technical systems, is a structure of a human-machine
type. In the complicated system, such as the engine room, its service depends on
its accident-free functioning, as well and often on the safety of the environment.
In estimating of the reliability of the technical system, it is necessary to take into
consideration not only the system’s technical damages, but also the possibility of
errorsmade by the technical personnel of the engine room. These errors cause various
consequences of safety unreliability in the engine room system, and identifying these
errors should be taken into consideration in the safety models and indicators of safety
reliability and usable [6–8]. Presented models do not include all of the possible
areas. The presented way includes a narrow possible portion of safety analysis of
exploitation in engine room.Awider andmore detailed is included in the presentation
[9].
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Low-Speed Bearings Diagnostic
Equipment

Michael Oeljeklaus and Lubomír Pešík

Abstract The subject of paper is the design of control system of slow running bear-
ings including strength analysis and load capacity measurement with the intention
to apply the results to the manufacturing operation by the chain conveyor in the
paint shop. The diagnostics of low-speed bearings is very desirable in a wide range
of industrial sectors. Mainly, in the transport technologies is necessary to identify
the damaged bearing before a production failure and large economic losses become.
Chain conveyors are used in the bodywork painting process and chain wheels are
mounted on shaft, which is currently mounted on two roller bearings. Shaft speed is
relatively slow, ones of rpm. There is no doubt that the reliability of this construc-
tion has a main influence to the volume of production, especially since the paint
shop is the bottleneck of whole production process of cars. The diagnostics of high-
speed bearings is based on vibration measurement that is reliably used for many
years (Sturm and Förster in Einführung in die Theorie der Technischen Diagnostik.
Vieweg+TeubnerVerlag,Wiesbaden, pp. 18–92, 1990 [1];Hauptmann in Sensoren—
Prinzipien und Anwendungen. Verlag C. Hanser, München, Wien, 1991 [2]). For the
diagnostics of low-speed bearings, there is no appropriate physical method, which
has been able to identify the bearing damage.

Keywords Vibration diagnostics · Low-speed bearings · Bearing diagnostics

1 Introduction

The topic of the article is focused on solving problem of diagnostics of low-speed
bearings with intention to apply obtained results to the manufacturing process in the
paint shop.
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2 Used Methods

The design of control system of slow running roller bearings is based on analyzation
of the current state. The basis is to determine a load in all manufacturing conditions
and to determine the force of the chain in the most exposed position.With knowledge
of manufacturing operation force of the chain, it is possible to calculate the load
of shaft and roller bearings. The results may be used for FEM analysis, calculation
stresses and deformations of each part of the current state as a basis of design solution.

The design solution of a system of diagnostics of slow running roller bearings can
be based on the principle of rolling resistance or vibration measurement. However,
effectivity of the vibration detection depends on a sufficient level of measured accel-
eration, which cannot be achieved in slow rotational movements. It means for the
current state to dismount chain and then measure the rolling resistance or increase
the rpm by external power and measure the vibration.

Pursuant to demand for the reliability of chain conveyors and the shafts and chain
wheels mounting, was designed a system consists of two pairs of roller bearings—
shaft and frame. These are connected to each other by the so-called reference part that
is the freely rotable part. This solution allows identification of bearings damage with
two methods. The first method is depending on change of rolling resistance during
forced rotation of reference part. The other method uses vibration measurement by
increasing the rpm with properly connected external power. This innovative solution
is protected by patent [3, 4].

Kinematic link between shaft and reference part allows distribution of dynamic
load between shaft and frame bearings, which is convenient for manufacturing oper-
ational matters [5]. Based on this kinematic link, shaft and reference part are in
forced rotation. Due to kinematic link of shaft, reference part and frame, the design
solution leads to integration of planetary mechanism with spur or bevel cogwheels.
This solution is protected by patent as well.

After strength analysis of the designed solution, the prototype was made with
the intention to experimentally measure the deformation by nominal and maximum
value of load. The fatigue test is already prepared.

3 Description of Current State

Current state of shaft mounting of chain wheel of conveyor (see Fig. 1) is made of
two spherical roller bearings mounted to the frame by bearing units. Chain wheel
is connected to free end of shaft and is separated by front plate of frame, which is
connected to the frame of paint shop production line.

The advantage of current shaft mounting of chain wheel of conveyor is its relative
simplicity. Significant disadvantage is complicated dismounting and changing of
bearings. Because of that, the vibrodiagnostics of bearingswas implemented by using
latest technologies. Sensors of low-frequency vibration are used for identification of
damaged bearings. The difficulties consist of insufficient intensity of vibration of



Low-Speed Bearings Diagnostic Equipment 369

Fig. 1 Current state of shaft mounting of chain wheel

slow running bearing. Its value merges with vibrational background of paint shop
production line. The reliability of identification of damaged bearing is insufficient.

4 Design Solution of Diagnostic System

Reliable design of control system of slow running bearings can be based on iden-
tification of change of the rolling resistance of bearing or its vibrations during the
sufficient rpm [6]. Both these methods are difficult to be realized during the man-
ufacturing operation. The change of rolling resistance can be identified only with
increased power load, which is usually too late. The sufficient rpm value of bearing
can happen only if the standard, low-speed operation is off.

The design solution of design of control system of slow running bearings (see
Fig. 2), which is the topic of this paper, comes from the idea, that if one ring of
the roller bearing is forced low speed, the second ring of the roller bearing is freely
rotable [3, 4]. This diagnostic solution allows identification of change of rolling
resistance of shaft bearing or sufficient rpm increase on its freely rotable ring that
allows identification of damage of bearings using known methods of vibrodiagnos-
tics. The freely rotable ring of the shaft bearing is rotably mounted to frame using
frame bearing. The reference part is mounted between shaft and frame bearing (see
Fig. 2).

The change of bearings is quite a difficult operation, and because of that, the shaft
is divided between chain wheel and bearing. This design allows to repair or change
of bearing outside of the paint shop production.

This solution provides a number of design variants, one of which was chosen as
optimal and then analyzed.
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Fig. 2 Drafted solution of shaft mounting of chain wheel

Fig. 3 Equivalent stress (von Misses) of designed solution

5 Strength Analysis

Strength analysis (see Figs. 3 and 4) is an important field of every design solution.
With this shaft mounting solution, the strength analysis is mainly focused on stress
and deformation calculations. In all cases, the Ansys software for FEM analysis was
used.
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Fig. 4 Deformation in z-axis direction of designed solution

6 Damage Identification System

The identification of damaged shaft or frame bearing can be made based on the
change of rolling resistance. For this purpose, the kinematic and moment link of
shaft, reference part and frame that consists of planetary gear with simple planets
and bevel cogwheels was designed. Shaft cogwheel with main axis of rotation is
tightly connected to shaft. Frame cogwheel with main axis of rotation is connected
to frame by adjustable frictional moment. The link between these cogwheels is made
by satellites that are mounted to the pins of reference part.

The motion of reference part is determined by kinematic and moment link of
planetary gear. If the rolling resistance of shaft bearing increases out of load capacity
limit, the frictional moment between frame cogwheel and frame is exceeded. The
frame cogwheel then starts to rotate in the same shaft direction.

If the rolling resistance of frame bearing increases out of load capacity limit,
the frictional moment between frame cogwheel and frame is exceeded. The frame
cogwheel then starts to rotate in the counter shaft direction.

Both rotations of frame cogwheel against the frame can be easily identified by
connected sensor (see Fig. 5).

7 Conclusion

The paper is focused on actual issue of diagnostic of low-speed roller bearings. The
designed solution uses reference part between shaft and frame bearing. Change of
rolling resistance, which leads to bearing damage, can be identified using reference



372 M. Oeljeklaus and L. Pešík

Fig. 5 Designed solution of shaft mounting of chain wheel

part. This can be realized during themanufacturing operation. The designed diagnos-
tic system consists of planetary gear with bevel gears. Considering this is an original
solution, two applications for patent were filed. One of them has been granted.
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Calculating Strength of Truck-Trailer
Frames by Using Software MSC Adams
and the Finite Element Method

Adam Przemyk, Andrzej Harlecki and Szymon Tengler

Abstract Amethod of calculating strength of frames of truck trailers with a central
axle (axles) by using interface of MSC Adams software, for a dynamic analysis of
mechanical systems, and NXNastran/Femap software, for the finite element method
(FEM) analysis, is presented in the paper. The transfer of information between these
both programs is realized within this interface which is presented in detail in the
paper. In the approach proposed, a method of reduction of degrees of freedom of
the FEM model has been developed based on Craig-Bampton Method belonging to
the group of methods known as component mode synthesis. At the beginning of the
proceeding geometrical models of components of the truck and the trailer by using
program SolidWorks have been worked out. In the analysis, it has been assumed that
the modeled truck-trailer combination can drive over the road with unevenness of
a specific shape. Some computing results were verified experimentally. The model
of truck-trailer combination can be treated as its virtual prototype useful in a design
process.

Keywords Truck · Trailer · Frame · Dynamics ·MSC Adams · FEM ·
Component mode synthesis · Craig-Bampton method

1 Introduction

The subject matter of the considerations presented in this paper is a trailer with so-
called a central axle (or two central axles) towed by a truck (Fig. 1). The trailer axle
is near its gravity center what provides that at an even load distribution on its surface
only a small part of the static load of the trailer is carried through its drawbar to
the towing truck. For these reasons, vehicles equipped with that kind of trailers are
characterized by high maneuverability. Since there is a lot of loading space available
the trailers with the central axle are widely used for transporting goods of a large
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Fig. 1 View of the truck-trailer combination

volume. Practice shows that the trailers with the central axle are exposed to loss
of stability. It means that so-called snaking motion (also termed as yaw motion
or lateral motion) can occur while driving. The authors of this paper developed a
mathematical model of the truck-trailer combination, which allows analyzing this
issue. Itwas presented by them inpaper [1]. In this paper, theydonot refer to this issue,
concentrating on an analysis of strength of the trailer frame. For this purpose, driving
of the combination in question through a speed bump was simulated and courses of
accelerations of the selected trailer points and Huber-von Mises equivalent stresses
occurring in its frame were determined.

2 Modeling of the Trailer

2.1 A Geometrical Model of the Trailer

For the needs of this analysis, a geometrical model of the truck-trailer combina-
tion was developed using program SolidWorks. The model is a composition of the
geometrical models of the elementary sub-assemblies of the vehicle and the trailer
(Fig. 2), including the trailer frame, being its basic part. The frame model is built
essentially of two longitudinal frame rails joined with cross members. This model
also includes a drawbar connecting the trailer with the vehicle. A board in a form of
plywood, making loading space, was placed on the frame.

2.2 A FEM Model of the Trailer Frame

On basis of the geometrical model of the trailer frame its FEM model was built in
environment Femap [2]. This model contains about 145,000 finite elements, mainly
shell and solid ones, including beam ones, and it has about 413,000 nodes, and a
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Fig. 2 Geometrical model of the trailer

number of its degrees of freedom is about 2,478,000. Finite elements modeling load
in a form of rectangular bodies placed on the standard loading pallets (Fig. 3) were
also considered. In the places, where in the environment MSC Adams the frame in
question is connected with the components adjacent to it additional nodes, which
were deprived of all degrees of freedom, were generated. Those nodes were joined

Fig. 3 FEM model of the trailer
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Fig. 4 Model of the truck-trailer combination in the environment MSC Adams

with over a dozen nodes of the FEM grid adjacent to them by stiff RBE2 beam
elements.

2.3 A Model of the Truck-Trailer Combination
in the Environment MSC Adams

A model of the analyzed combination developed in the environment MSC Adams
[3] is presented in Fig. 4. The vehicle frame, unlike the trailer frame, was modeled as
a stiff body. The trailer was connected with the vehicle by a drawbar with a spherical
joint at the end. Tire parameters of wheels of the vehicle and the trailer were selected
on basis of a tiremodel offered in the environmentMSCAdams, based on the “Magic
Formula” developed by Pacejka [4].

3 An Application of an Interface of Programs MSC Adams
and FEM

Beginning with general considerations it can be stated that motion of a deformable
body which is subjected to an action of constraints from the adjacent bodies can be
considered as motion of this body treated as non-deformable, on which its defor-
mations, being a result of its free vibrations, are superimposed [5]. This way of an
approach, which is termed as “floating frame of reference method” in the literature,
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is also used in modeling issues with use of FEM of deformable moving bodies. It
should be borne in mind that a number of degrees of freedom of the FEM models
may reach a few millions. In order to make a computing process feasible, a special
procedure allowing a significant reduction in a number of degrees of freedom of the
FEMmodel in question should be used and it is named themodal reduction technique
in the literature. In the case of the adopted interface, Craig-Bampton method [6] is
frequently used. It belongs to a group of methods referred to as component mode
synthesis. More information about the interface discussed can be found in the paper
[7].

A transfer of information between particular computing environments, performed
within the interface of programs MSC Adams and NX Nastran/Femap, is presented
in Fig. 5. The geometrical models of the sub-assemblies of the analyzed combina-
tion, developed in the environment SolidWorks (it may be also another program of
type CAD 3D), are exported to a universal file of type STEP, and then they can
be imported to environment MSC Adams or Femap. In this environment (that is a
pre-processor), a FEM model of the trailer frame is made, and a modal analysis is
performed by a solver NX Nastran [8]. During this analysis file *.mnf is made. It
contains information on natural frequencies and mode shapes of vibrations of the
FEM model. This information is transferred to environment MSC Adams, and in
particular to its module MSC Adams/View, in which a model of the analyzed com-
binations is built. A simulation of the combination motion by use of module MSC
Adams/Solver is a next stage. The obtained results in a form of deformations of the
modeled frame changing with time are exported to environment NXNastran/Femap,
in which calculations concerning, e.g., determining contours of the Huber-vonMises
equivalent stresses or deformations are performed by solver NXNastran. The results
of this analysis are presented by use of post-processor Femap, whereas the results
of the dynamic analysis made in environment MSC Adams are presented by module
MSC Adams/Post-processor.

4 Some Results of the Simulations

The truck-trailer combination model prepared in such a way was set into motion and
covered an obstacle in a form of a 50 mm high-speed bump with all wheels. The
driving took place at 4.4 m/s speed (that is about 16 km/h).

Courses “A”of vertical accelerations of themass centers of the geometricalmodels
of the frame and the front axle of the trailer determined appropriately by comput-
ing as functions of time are presented in Figs. 6 and 7. Those courses were verified
experimentally bymakingmeasurements of those accelerations by piezoelectric sen-
sors which resulted in determining courses “B”. As it can be seen clearly vibrations
appeared at moment t = 4.5 s, when the rear wheels of the towing truck began to
drive over the speed bump. Intensification of those vibrations took place in the time
interval from the moment at t = 6.4 s to the moment at t = 6.8 s, when the trailer
wheels were driving over the bump.
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Fig. 5 Interface of programs MSC Adams and NX Nastran/Femap—information transfer

Contours of the Huber-von Mises equivalent stresses in the trailer frame at the
selected moment when the rear wheels of the truck were driving over the speed bump
are presented in Fig. 8. Stresses of higher values occurring in the area of mounting
the drawbar to the trailer frame should be noted.

Contours of the Huber-von Mises equivalent stresses in the trailer frame when
the vertical acceleration of its mass center reaches the highest value are presented in
Fig. 9. An increased level of stresses in the rear part of the trailer frame is clearly
visible—in that place holes in the frame rails were made to reduce the mass.
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Fig. 6 Course of the vertical acceleration of the mass center of the trailer frame

Fig. 7 Course of the vertical acceleration of the mass center of the front axle of the trailer

Transported load is protected against falling onto the road by the front and back
walls visible in the figure. The walls are screwed to the frame and they may not be
joined together, e.g., by roof beams. This case was analyzed while making calcu-
lations. It turns out that as a result of driving of the combination in question over
the obstacle vibrations of those walls can be excited what leads to strong load of
the frame areas in the places of connections with them. Therefore, it can result in
occurring fatigue cracks in these areas.
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Fig. 8 Contours of the Huber-von Mises equivalent stresses in the trailer frame at the selected
moment of motion, detail A is shown down (arrow = 140 MPa)

Fig. 9 Contours of the Huber-von Mises equivalent stresses in the trailer frame at the selected
moment of motion (arrows = 150 MPa)
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5 Conclusions

According to the authors, the presented method can be of interest for engineers
dealing with designing frames of truck trailers. The calculation model of the frame
developed by use of interface of programs MSC Adams and NX Nastran/Femap,
understood as a prototype, enables to perform any number of calculations in the
design process. Their results should provide an image of loads of its sub-assemblies,
including primarily the frame, near to real one. An advantage of the developed trailer
model is that its flexible frame loaded is exposed to an action of flexible and damping
element co-operating with it reflecting closely real conditions of its load. An analysis
of dynamics of a properly developed virtual prototype of a trailer may become basis
for preparing its real prototype and only conclusions drawn from its testing will
complete the design process.
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Solution of Damped Oscillations
by Coulomb Friction at the Karakuri
Mechanism Using MAPLE Software

Tomáš Riegr and Ivan Mašín

Abstract Calculation of the time course and speed of the oscillation motion damp-
ened by centripetal force typically represented by sliding friction is rather compli-
cated mathematical task, which is unnecessary to solve repeatedly for individual
stages of the given oscillations until they are completely subdued. Using classical
mathematics is a rather lengthy calculation when the results obtained for one of
the examined oscillations are simultaneously the initial conditions for the following
oscillations. The fact that said damping friction force changes its direction of action
depending on the direction of movement of the mechanism considerably complicates
given solution. It is rather complicated to solve the given calculation by classical pro-
gramming in the available mathematical software. To solve the motion equation of
such a mechanism, the mathematical software MAPLE using the signum function
is being used. The values obtained by calculation are further verified on a model
of low-energy device for the transfer of objects in a material flow designed on the
principle of Karakuri mechanism.

Keywords Karakuri · MAPLE · Damped oscillations · Coulomb friction

1 Introduction

The matter of calculating oscillations with constant (Coulomb) friction is not too
widespread in practice, in contrast to oscillations attenuated by linear (viscous)
damping proportional to the first power velocity. With the need for a solution of
this type of oscillatory motion, we encounter during the design of Karakuri spring
mechanisms, which are a perspective solution of differently usable structures capa-
ble of its function with the need of minimal supply of external energy [1], they are
working in a so-called energy mode. According to [2], the Karakuri mechanisms use
their basic physical phenomena such a gravity, magnetism or energy accumulation
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into mechanical springs. A spring system that accumulates a portion of the potential
energy of the transported body to be reused for reversing motion, and it is also used
in the below-described design of a trolley for low-energy transfer of objects in the
material flow. To construct the resulting motion equation of the trolley mechanism,
first, the method of reducing the mass and force quantities of the whole structure on
the frame of the trolley is used and the equation thus created is further solved by the
MAPLE software.

2 The Standard Mathematical Solution of the Motion
Equation of Oscillatory Motion Damped by Sliding
(Coulomb) Friction

The movement of the point must be described by the two differential equations
according to the velocity sign. The resistive force is in this case constant size and it
is directed against the sense of speed as mentioned in [3],

mẍ = −kx − N f pro ẋ > 0 (1)

mẍ = −kx + N f pro ẋ < 0 (2)

which can also be written as stated in [4],

ẍ + Ω2x = ±N f

m
(3)

where the top sign is for ẋ > 0 and bottom for ẋ < 0. This reality considerably
complicates the solution because the task has be to solved in stages, during which
time individual stages are being limited by the extreme positions of the course curve
when ẋ = 0 (points x1K , x2K , x3K ). From the character of Eq. (3) results that in
the individual stages, the course xi(t) of the same type as the undamped oscillatory
motion with the circular frequency � with the effect of the frictional force being
expressed by displacement of the centre either left or right by the value p:

p = N f

k
(4)

in general, for the individual stages applies motion equation:

xi = Ci sin(Ωti + ϕoi) ± p (5)

where index i denotes the interval of the movement of the given stage of the course
x(t), with the values xi, Ci, ϕoi and time ti is measured from the beginning of the
ith stage of the movement and displacement of the centre. Figure 1 shows the time
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Fig. 1 Time course of oscillating motion variations with friction damping

course of the damped oscillation where the variance of the individual oscillations is
reduced by 2p every half-period T /2.

3 Solution of the Motion Movement Equation Using
the MAPLE Software and the Signum Function

It is possible to solve differential Eqs. (1) and (2) bymeans of the commonly available
and practically very much used mathematical software MAPLE described in [5], but
the problem is how to correctly enter the sign change of the friction force value to
the equations.

The sign changeof the friction force value dependingon the direction ofmovement
of the system can be solved using the signum mathematical function.

The signum function (see Fig. 2) is a mathematical function that assigns to any
number x a value one (x �= 0) or zero (for x = 0). Any real number can be expressed
as the product of the sign and absolute values:

x = sign(x) |x |, x �= 0 (6)
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Fig. 2 Graph of signum function

4 Experiment and Calculations

The use of the signum function in the differential motion equation has been verified
on calculations of dynamic behaviour of the trolley for transport of object between
two points. The test trolley was simply designed on the principles of the Karakuri
mechanisms as a low-energy device used principles mentioned in [6] for the transfer
of objects in the material flow. For its propulsion, it uses gravitational forces of
the transported object with an accumulation of part of the potential energy of the
transported object into the compression springs during forward movement. This
accumulated energy is then used to return the trolley back to the starting point.

From Fig. 3, it is obvious the oscillation motion initiator after insertion of the
transported object with massmz into the transport box of massmb. Then the existing
balance of the gravitational force from the box and the force of the spring:

mbg = klb (7)

is disturbed and thus to disruption of the equilibrium state. The mechanism moves
and vibrates until the system dampens, where applies

(mb + mz)g = k(lb − xst) (8)

Using the signum function Eq. (7) has this form:

m∗
r ẍ + 4k

(
r2r4
r3rk

)2

x + sign(ẋ)

(
4Ft

r2r4
r3rk

)
= (mb + mz)g

r2r4
r3rk

− m totalg
ξ

rk
(9)

where
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Fig. 3 Experimental Karakuri trolley and replacement scheme of geometric force and mass
quantities
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m∗
r reduced weight of trolley on its frame [kg]

mb upper part of trolley weight, box weight and rack weight [kg]
mz transferred object weight [kg]
mtotal total weight of trolley [kg]
x axes of trolley moving [m]
r1 radius of gearwheel Nr. 1 in gearbox [m]
r2 radius of gearwheel Nr. 2 in gearbox [m]
r3 radius of gearwheel Nr. 3 in gearbox [m]
r4 radius of gearwheel Nr. 4 in gearbox [m]
rk radius of ground wheel [m]
F t friction force in linear guide of upper frame [N]
ξ arm of rolling resistance [m]
g gravitational acceleration [m/s2]
k stiffness of the spring [N/m].

By entering Eq. (9) into the MAPLE software using the signum function [5] and
defined parameters of trolley mechanism, we get the solution of the travelled paths
(distance) and the speed depending on time as per (see Fig. 4).

5 Conclusion

Experiment and calculations showed the following facts:

• The course of the speed and distance calculated by the time corresponds with its
shape to the theoretical curves obtainedby the classical calculationof the individual
stages of the oscillation motion curve according to the Equation relation (5).

• With currently used kinematic bonds and geometry of individual parts, the trolley
is able to transfer the object in graph shown distance 1.45 m where it stops after
vibration damping.

• Maximal reached distance from the start is 2.35 m—the maximal distance point
before the oscillation movement is dampened. When the trolley is locked in this
position by additional mechanism, it is possible to increase the driving distance
by up to +62% compared to the friction stop distance!

• The rate of the course corresponds to the time course of the path and at its vertices
is equal ẋ = 0.

Acknowledgements The research work and outcome reported here have been achieved as part of
studying the Karakuri mechanisms and their use for the transfer of objects in the material flow of
production, which is also the subject of the dissertation work of the author.
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Fig. 4 Graph of distance and velocity movement of trolley over time
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The Procedure for Reduction
of the Acoustic Performance Level
of the Spinning Cycle in the Washing
Machine

Ján Šteininger, Ján Ďungel, Slavomír Hrček and Igor Gajdáč

Abstract The development of automatic washing machines and their gradual
upgrade of already sold models is a very challenging task, mainly due to the chang-
ing operating conditions of the washing and subsequent spinning cycle. Increasing
demands of consumers to buy the appliance constantly force manufacturers to con-
tinually innovate and improve their products to be able to succeed in the enormous
competition. The trend for the centrifuging cycle lies in continual spin increase,
resulting in greater forces and thus load on the overall machine construction. In gen-
eral, it is known that with increasing spins more water is removed from the laundry.
This is a significant benefit for the consumer as the drying time of the laundry is
considerably shortened. However, the increase in spins can also bring the negative
phenomena. One of them is a louder noise of the washing machine. Therefore, it
is necessary to continually improve the procedures that can reduce the noise. For
their correct design, experiments have been carried out. They have consisted of the
measurement of the declaration, technical and subsequent measurement using an
acoustic camera. Its using will determine the proportion of acoustic energy spread
from individual construction components. These measurements and simulations will
be used to set engineer theories so that it can be possible to transform the appliance,
resulting in an effective reduction of the acoustic performance level. The theories
will be verified by subsequent stated measurements and compared with the original
values.

Keywords Noise reduction ·Washing machine
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1 The Project of Experiments for Identifying Noise Sources

Measurements were performed in a certified acoustic laboratory using the spin pro-
gramme at 1 400 RPM. In order to prevent a change in the distribution of the laundry
in the drum and its imbalance, an evenly distributed 3× 3 kg rubber was used in the
drum of the washing machine to ensure the repeatability of the individual compared
measurements. The rubber imbalance was oriented at the centre of the 0.5 kg drum
[1].

1.1 Technical Parameters of Measurement

Measurement was done in anechoic chamber, (see Fig. 1) and chosen measuring
system was PULSE system B&K 3053-B-120. The type of microphones used for
measurement was B&K 4190 and calibrator B&K 4231. Microphones worked with
acoustic camera. Selected washing programme during measurement was spin. 3D
scan was made on measuring device, type FARO® Design ScanArm 2.0.

Before the measurements for the washing machine were performed, the errors
that were made during the production and the lack of control were eliminated. They
consisted of adding screws on individual coverings of the washing machine and
inserting a gasket between the cabinet and the side panels [2].

The spinning cycle of thewashingmachine consists of four speeds, and the highest
acoustic power was recorded at the maximum speed revolutions of 1 400 RPM. From
this section, a 50 s interval is taken and its total acoustic performance is used to
calculate the value written on the energy label. For other speeds, the 50 s section

Fig. 1 Position of the
appliance in an anechoic
chamber
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Fig. 2 Profile of the acoustic power of the washing machine during spinning at different speeds

of the 1 100 RPM and 20 s sections for 800 and 1000 RPMs were taken from the
acoustic performance profile [3]; (see Fig. 2).

3D measurement method that using the FARO system was used to construct
the model, and consequently, a model for individual components of the washing
machine was created from the point cloud (see Figs. 3 and 4). These models were
used in the COMSOLMultiphysics simulation software to identify the actual shapes
of individual components using the finite element method; (see Fig. 5). Here we
were interested in the frequencies recorded in the declarative measurements so that
the individual components of the washing machine were not exposed to resonant
frequencies during each spinning cycle, and it was possible to effectively reduce the
noise level of the appliance [1, 3].

The shape complexity of thewhole appliance is very demanding for the calculation
of the FEM method. Because of this fact, the hammer resonance method (on the
cabin, the drum, the water tank of the washing machine) was used together with all
the components to identify the resonant frequencies of the whole appliance. From

Fig. 3 Scanning of the
washing machine
components point cloud
scanning
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Fig. 4 Point cloud scanning

Fig. 5 Calculation of actual shapes of the washing machine component in COMSOL multiphysics
simulation software

a physical point of view, the impact of the hammer on the component will create
different kinds of waves that go through the tested component at different speeds [1,
3] (see Fig. 6).

After subsequent modifications of the washing machine components, repeated
declarative measurements were performed in three repetitions. Here, a decrease in
the acoustic level performance of the appliance was detected, and it ranged from 0.8
to 1.7 dB (A); see Table 1.
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Fig. 6 Spectrogram of the hammer method (the cabinet of the washing machine)

Table 1 Average improvements in acoustic performance after shape modifications of the washing
machine components

Improvement of acoustic power (dB A) Drum speed (rpm) 800 0.8

1000 1.5

1100 1.3

1400 1.7

1.2 Design of Noise Insulation for the Modified Appliance

For the correct design of position and type of insulatingmaterial, measurements were
made using an acoustic camera. The assumption is that the acoustic energy spread
from individual construction components should be correctly determined so that the
highest possible acoustic pressure level reduction is reached by using the smallest
amount of acoustic material [4].

As shown above (see Fig. 7), a significant proportion of the emitted acoustic
energy at 315 Hz and spinning is spread from the bottom of the washing machine
to its surroundings. Therefore, the insulation was also located at the bottom part of
the appliance. From the frequency analysis, a suitable type of moderating material
was designed to be inserted from the bottom part of the washing machine along the
perimeter before the placement of the removable sheet metal cover with flood control
function [4].

The measurement was carried out as in the case of declarative measurements for
threewashingmachineswith three repetitionswith (see Fig. 8) andwithout insulating
material. After the washing machine placing and its feet setting, the appliance was
no more moved and the insulation was removed so that the washing machine stayed
at its place to maintain the best measurement repeatability [1, 4].
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Fig. 7 Recording from the 315 Hz acoustic camera in the washing machine at 1400 RPM spinning

Fig. 8 Placement of the acoustic insulation at the bottom part of the washing machine

For repeated measurements, when the unbalance distribution is the same and the
appliance was not moved, there are different acoustic powers and they can move up
to 2.7 dB (A). For the washing machine 3 and 800 RPM, the acoustic power value is
significantly higher than for the washing machines 1 and 2 [4]; (see Table 2).

2 Conclusion

Using the most modern methods of noise, elimination has an enormous impact on
effective noisiness reduction, where with appropriate modifications of individual
components, it has a positive impact on reducing the overall acoustic power of the
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Table 3 Average improvements of the acoustic power of the washing machines for different
revolutions of the drum

Improvement of acoustic power (dB A) Drum speed (rpm) 800 1.7

1000 1.5

1100 3.4

1400 2.1

appliance. Also the using of a suitable acoustic material by an acoustic camera
precisely localized place, it can save the financial resources during the production
of the household appliances. Another criterion is the improvement rate, which is
reflected in the energy label and it can help to distinguish the appliance from the
competition and improves its marketability. Average acoustic improvements (see
Table 3) ranged from 1.5 to 3.4 dB (A), and the most noticeable values were recorded
at 1100 RPM, and it was the value 3.4 dB (A). For the highest acoustic power values
at maximum revolutions of 1400 RPM, the average improvement was 2.1 dB (A).
As the revolutions of 1100 and 1400 have a total of 70% of the time duration of
the 12-min spinning cycle, there is an assumption that the overall equivalent noise
level emitted from the appliance throughout the whole process of spinning will be
significantly lower.
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Load Analysis of Ship Generating Sets
During the Maneuvers of the Vessel

Dariusz Tarnapowicz

Abstract The specificity of ship power plants is connectedwith the vessel’sworking
mode and, above all, with operational safety. The synchronous generator powered
by a combustion engine (diesel generator) is widely used in shipbuilding. During
maneuvers and on “difficult” waters regions (sailing down the river, canal, straits,
lakes, etc.), in order to ensure continuity of power supply, the parallel operation
of generating sets is required. Safety reasons during maneuvers have impact on
the parallel operation, rather than power demand. Therefore, auxiliary engines are
often underloaded. These conditions cause that the fuel is not fully burned. It has an
effect on operational problems of auxiliary engines and an increase in emissions of
air pollutants. The article presents empirical researches of loads in ship generating
sets in operational conditions requiring the parallel operation of sets for different
types of ships. Moreover, it shows solutions that enable the limitation of unfavorable
phenomenon of underloading of auxiliary engines so-called wet stacking.

Keywords Ship generating sets ·Wet stacking of diesel generator · Electrical load
balance

1 Introduction

On each ship, regardless of size, the ship’s power plant is the basic system deciding
on the safety of shipping—operational safety and security of the crew.

Determination of the power for a ship’s power plant and the number of generating
sets is crucial during the design of vessels. There are several ways to select generating
sets.

The first method is related to the comparison with power plants on similar or
the same types of ships. This simple method is burdened with errors reproduced
from other vessels. The experience of the designer and operational reports from twin
vessels plays a huge role.
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The second method is based on statistical analyses predicting the maximum load
of power plants in various operational states [1]. This method uses the probability of
switching on a given receiver (or a group of receivers).

The third method is to determine the power of the power plant on the basis of the
power of the main propulsion engine, and this is typically about 10%. This method
must take into account the type of vessel. It is burdened with a big error and is rarely
used.

A commonly usedmethod for the selection of the quantity and power of generating
sets is an analysis based on the electrical balance of the vessel [2].

The ship’s power balance is carried out for various ship operating conditions:
sea travel, stoppage in the port, and maneuvers. The power balance begins with
the determination of all electricity receivers in a given operational state. Then, the
loading factor, peak power, and simultaneity factor of receptions are determined.

On the basis of the balance, data for the selection of power in generating sets is
obtained. The number of sets is selected in a way that during the operational state of
the ship lasting for the longest period (sea travel), the generating sets can operate as
economically as possible.

It is recommended that one generating should operate during the sea travel. In
accordance with the regulations [3], the vessel must be equipped with at least two
generating sets. Usually, there are three of four sets of the same power of the ship.

During maneuvers and on “difficult” waters (sailing down the river, canal, straits,
lakes, etc.), in order to ensure the continuity of power supply, parallel operation
of generating sets is required. During maneuvers and on “difficult” wasters, safety
reasons, not power demand, are decisive for parallel operation. Therefore, auxiliary
engines are often underloaded.

2 Methods and Materials

Measurements of loads for diesel generator sets (D-G) on dozens of different types,
different sizes, and different production date of ships (21 vessels) were carried out.
The examinations were performed in all working conditions of the ship, i.e., sea
voyage, stoppage in the port and during maneuvers. The measurements were made
at 10-min time intervals for hours, reading the indications of active power given by
the generators of generating sets.

The load of ship generating sets read on power meters is not equivalent to the load
of auxiliary engines. By determining the load of the auxiliary engine, the coefficient
of excess power of the auxiliary engine to the generator power αNM and generator
efficiency ïG was taken into account [4].

LFAE = LFGS
ηGαNM

(1)

where
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LFAE load factor of auxiliary engine;
LFGS load factor of generator;
ïG efficiency of generator;
αNM auxiliary engine excess power factor to generator.

The average value obtained from active power measurements for one generating
set was taken as the generator load factor.

The tests performed during the sea voyage presented the load of generating sets
at the level of 60–75%, and during the stay in the port—at the level of 40–60%
(depending on whether the ship is transshipped).

3 Results

The lowest load was during maneuvers and sailing in “difficult” wasters. The results
of measurements made during maneuvers are presented in Figs. 1, 2, 3, and 4.

The presented researches show that the load of auxiliary engines of generating
sets during maneuvers is less than 40% and for the majority of ships—less than 30%.

Such a low load of internal combustion engines is the reason for the occurrence
of the phenomenon, which is called wet stacking.

The methods of reducing the wet stacking phenomenon in D-G power generating
sets are becoming very important.

Fig. 1 Loading of auxiliary engines of bulk carriers
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Fig. 2 Loading of auxiliary engines of containers

Fig. 3 Loading of auxiliary engines of general cargo and ferry
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Fig. 4 Loading of auxiliary engines of tankers

4 Discussion

4.1 The Effects of the Occurrence of Wet Stacking
Phenomenon

When the D-G sets are underloaded, there is a lower temperature of fuel combustion
and thus combustion is not total. Unburnt fuel will be ejected from the combustion
chamber, and it begins to accumulate in the exhaust part of the engine, causing the
accumulation of carbon deposits on the exhaust valves, turbocharger and exhaust.
Figure 5 shows the effects of the wet stacking phenomenon on the D-G exhaust pipe.

When the D-G sets work in the underloaded mode, piston rings do not expand
sufficiently to properly seal the space between the piston and the cylinder wall.
This causes the burning of unburned fuel and gases into the oil sump and diluting
the lubricating properties of the oil, leading to premature wear of the engine. Wet
stacking also causes damage to the injectors, which start to inject fuel poorly (Fig. 6)

Fig. 5 Wet stacking—“extreme clogging” of exhaust pipe [5]
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Fig. 6 Loading of auxiliary engines of general cargo, ferry, and tankers [6]

[6].
The effect of wet stacking:

• reduces the engine life for many years;
• increases exhaust emissions;
• leads to the lower maximum power;
• leads to costly repair and maintenance.

4.2 Asymmetrical Operation of Generating Sets

One of the methods of limiting the effects of the occurrence of the wet stacking phe-
nomenon is the asymmetrical operation of generating sets. On computerized vessels,
where the supervision over the operation of a ship’s power plant is realized by power
management system (PMS), the asymmetrical load of generating sets with active
power [7] is possible. After a few hours of asymmetrical operation of generating
sets, PMS decides to change the load distribution, so for about 1 h one of the sets
is loaded with almost all active power, and the other practically works without load
(Fig. 7).

After burning the accumulated residues, there is a change in the load of sets in order
to “clean” the other set. Then, there is a return to symmetrical work of generating
sets.

4.3 Optimal Power Selection of Generating Sets

As mentioned in the introduction, the selection of generating sets is usually deter-
mined on the basis of the power demand during the operation of the vessel on the
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Fig. 7 Asymmetrical operation of generating sets

voyage. The D-G set is selected in a manner to ensure the operation of one set during
the “sea” voyage. Other sets usually have the same power.

In order to reduce the wet stacking phenomenon, generating sets for the designed
vessel can be selected to optimize their operation both “in the sea” and during “ma-
neuvers.” It is possible to choose one D-G set with higher power for operation “in
the sea” and two sets with lower power for “maneuvers.”

For example, the D-G set was selected from the 1 MVA electric power balance
(optimal for “seal travel”), and two D-G sets with a power of 600 kVA were selected
for the maneuvers.

New power electronics technologies allow for any power distribution between
two generating sets with different or the same powers.

4.4 The Use of Load Banks

The obvious solution to the problem associated with the underloading of D-G ship
generating sets is the temporary loading in order to burn away accumulated soot and
“purging” of the fuel system. For this purpose, it is possible to use an additional
receiver, which is switched on for a short time, e.g., 40 min.

The offer of generator set manufacturers includes the so-called load banks, which
are selected for the power of D-G sets [8]. Load banks range from a few 10 kW to
3 MW.
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Fig. 8 Battery-powered ecological system

4.5 Battery-Powered Ecological System

A very interesting solution is the use of electricity storages that can be used in the
port. Acidic batteries can be used as the energy storage. The power of these batteries
is chosen to meet the vessel’s demand in the port. Some types of ships, e.g., bulk
carriers, require a small amount of power in the port, even during transshipment.
Figure 8 shows the battery-powered ecological system.

The system works in such a way that during maneuvers, D-G sets are additionally
loaded by charging the battery matrix. After docking, D-G sets are stopped and the
batteries supply the receivers. The energy flow in both directions is provided by the
B2B (back to back) converter. The convertor’s operation is controlled by PMS–DC
(Power Management System–DC).

Literature [9] confirms that vessels in the port are the largest source of pollution.
The suggested solution will help to reduce air pollution caused by vessels mooring
in the port while limiting the effects of underloading of generating sets.

5 Conclusions

The empirical researches of load for ship generating sets presented in this article show
that D-G sets during ship’s maneuvers are underloaded, and there is the so-called wet
stacking phenomenon. Wet stacking causes the consumption of combustion engines,
more frequent repairs, as well as an increase in the emission of air pollutants. The
article proposes preventive solutions that limit the negative phenomenon.
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Measurement of Torque and Axial Force
on Cardan Shaft

Miroslav Trochta and Jiří Začal

Abstract Cardan shafts are commonly used when the drive and driven shafts are
not coaxial but are still parallel. If the distance between the shaft changes, then
the length compensation is moved under the influence of torque, and the resultant
friction causes an axial force to be generated between the tooth flanks in the spline.
This movement can be caused by the deformation of the frame or misalignment of
shafts. The magnitude of this axial force is important for the design of other machine
parts in terms of service life. This article deals with the measurement of torque
and axial force on cardan shaft located on machine drive. This was done to verify
the magnitude of the axial forces and torque at the run of the machine due to the
fatigue fracture of the bolts at the cardan flange. Article describes the methodology
of measurement, used equipment, and evaluation method. Measured values of the
axial force are compared with theoretical calculations of axial force according to the
manufacture of cardan shaft.

Keywords Cardan · Shaft ·Measurement · Force · Torque

1 Introduction

Measurement of load conditions during operation is a very important matter for the
determination of actual loads on measured parts. Cardan shafts are one of the main
parts in machines, and they are used to transmit torque between not coaxial shafts.
That means that they are mainly used in machines drives, typically they can be found
on heavy trucks between gearbox and axle differential cardan usually consists of two
flanges: two universal joints and shaft with length compensation (see Fig. 1).

The aim of measurement was to determinate real values of axial force and torque.
That was because from the theoretical calculation provided from the manufacture of
cardan shaft, maximal axial force should be calculated with Eq. (1) [1] with use of
friction coefficient 0.03 for Rilsan-coated involute spline. Drive and its parts were
designedwith the use of thismaximal force, and resultwas fatigue fracture of the bolts
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Fig. 1 Cardan shaft. 1—Shaft with length compensation, 2—universal joint, 3—flange, 4—wheel,
5—drive, 6—shaft extension

on shaft extension (position 6, see Fig. 1). After customer eliminated the possibility
of design error at his side, he asked us to measure real values of torque and axial
force. To compare them it with theoretical forces,

Fax = 2 · T · μ ·
(
1

dt
+ sin β

L

)
, (1)

where

Fax Axial force,
T Nominal torque,
μ Friction coefficient,
dt Pitch cycle diameter of the spline,
β Working angle,
L Profile coverage.

2 Measurement Arrangement

To measure axial force and torque, we had first chosen method of measurement.
This choice was simple because our workplace is well equipped for strain gauge
measurement; we have chosen this method due to the request for the measurement of
axial force and torque. Two independent measurement spots next to each other had to
be prepared. For both we used full-bridge configuration of connection inWheatstone
bridge. The strain gauges were glued to the tubular part of cardan shaft shown in
Fig. 2. Strain gauges were connected to Wheatstone bridges, then to wireless strain
gauge apparatus, and signals from the apparatus were digitized using A/D converter.

Because we were not allowed to dismount cardan shaft and move it to direct
calibration. Torque and axial force had to be calculated from strain thatwas calculated
as followed:
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Fig. 2 Cardan shaft drawing

εσ = 4 · C
k · n ·Um = 4× 0.2

2× 2.6
·Um = 0.153846 ·Um, (2)

ετ = 4 · C
k · n ·Um = 4× 0.2

2× 4
·Um = 0.1 ·Um, (3)

where

C Sensitivity of the bridge,
Um Measured voltage,
k Gauge factor,
n Bridge factor.

Then torque was calculated from Eq. (4) and axial force from Eq. (5).

T = ετ · Jz
r

· G = ετ · π · (D4 − d4
)

16 · D · G = 318.9 ·Um [Nm], (4)

Fa = εσ · S · E = ετ · π · (D2 − d2
)

4
· E = 97, 336.2 ·Um [N], (5)

where

Jk Second moment of area,
r Distance between the rotational axis and the farthest point in the section,
G Shear modulus of the material,
D Outside diameter of tube,
d Inner diameter of tube,
S Working angle,
E Elastic modulus of the material.
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3 Measurement Results

Due to the real scope of measurement, axial force and torque could not be measured
simultaneously but had to be measured separately. Because of this fact, measurement
was performed one after another and on the same driving path with the same driving
speed and load conditions. Graph of measured torque and axial force can be seen in
Figs. 3 and 4. Graphs are only for one load condition, specifically for slow driving
speed with no load. Measurements were made for three load states, namely

• slow speed without load,
• maximum speed without load,
• maximum speed with load (normal workload).

Measured torque values were within the expectation of our customer, but values of
axial force were unexpectedly high. Because of this, a deeper analysis of the problem
was needed. Direct cooperation of torque and axial force is not possible due to the
separated measurement of torque and axial force.

Fig. 3 Measured torque

Fig. 4 Measured axial force
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Table 1 Comparison of measured and calculated values

Nominal values Maximal values

1 2 3 1 2 3

Measured torque [N m] 1263 966 2627 7053 16,906 19,978

Measured axial force [N] 5869 3236 10,866 29,626 69,877 81,524

Calculated axial
force [N]

μ = 0.03 2305 1763 4796 12,874 30,855 36,461

μ = 0.07 5378 4114 11,190 30,039 71,997 85,077

Axial force
deviation [%]

μ = 0.03 −60.7 −45.5 −55.9 −56.5 −55.8 −55.3

μ = 0.07 −8.4 27.1 3.0 1.4 3.0 4.4

4 Comparison of Results

For comparison of measured axial force and calculated axial force, we used maximal
values and then some nominal values from parts of signal where torque is constant.
These values can be seen in Table 1. Values in column 1 are for slow speed without
load, column 2 for maximum speed without load, and column 3 for maximum speed
with load. It can be seen from the graph of (see Fig. 3) that torque never has a constant
value; that is, normal behavior of the cardan shaft [2, 3] for the evaluation, we used
the mean value from the steady part of the signal.

Due to the large difference between measured and computed axial force (up to
60.7%), we began to investigate where the problem is. The result was that the manu-
facturer declared coefficient of friction 0.03 does not reflect the reality. The coefficient
of friction from another manufacturer, which gives the coefficient of friction for the
same lubricant and surface finish, is more than doubled, namely 0.07 [1]. When
this coefficient of friction was used, the deviation of the measured axial force from
the calculated axial force varied to ten percent (with one exception). Exact values
of deviation can be seen in Table 1. This remote value is due to the measurement
method, specifically, splitting the measurement into torque measurement and axial
force apart. Because of that conditions for torque and axial force measurement could
be little bit different, even if the machine moved along the same track section, the
control unit behaves every time a little differently.

5 Conclusion

When fatigue fracture of some part occurs it’s inmost cases because of either calcula-
tion error or different load condition that expected. At first in most cases, calculations
are checked. If calculation is correct, measurement of the real load conditions is basi-
cally only way how to check real values of loads in system. In our case, the problem
was in the wrong coefficient of friction, which did not correspond to reality. Due to
this designer of machine that calculated necessary dimensions of parts have wrong
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input data and that caused fatigue fracture of designed bolts. This case shows how
hard job designers can sometimes have as they must rely on the partner to deliver
them reliable date inputs for the work. In our case, problem was that real force was
more than two times bigger than force calculated during the design phase. When this
big difference occurs in most cases on parts with variable loads, fatigue fractures
are most likely to occur. By comparing the calculated and measuring axial force in
the cardan shaft, it can be seen that if the correct input data are available, theoretical
calculations correspond to the real load condition.
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AHP-Based Evaluation of Vertical
Gardens Design

Tomáš Vach and Ivan Mašín

Abstract The article deals with the analysis of design solutions used in the imple-
mentation of vertical gardens. Besides the typological elaboration of the realized
design solutions, the authors also deal with the assessment of typical concepts using
the multi-criteria decision-making method analytic hierarchy process (AHP) that
helps decision-makers and engineers solve a complex problem with multiple con-
flicting and subjective criteria. Initially, three typical vertical garden designs are
isolated from existing solutions available on the market, which are then subjected to
AHP.Within the AHP, the following criteria were chosen: modularity, capacity, com-
fort, and design. In the analysis, the complex unstructured situation of the individual
components, the arrangement of the components in the hierarchical order, the allo-
cation of the numerical value to the subjective evaluation of the relative importance
for each chosen variable, and the evaluation of the highest priority were evaluated
using the synthesis itself.

Keywords Vertical garden · Design · Analytic hierarchy process

1 Introduction

With the growing population of the Earth logically growing the need for food, which
today is a human being’s lack of food on our plate. One possible solution for solving
the problem of food shortages or minimizing these problems can be the development
and cultivation of crops in vertical gardens (decenter food source) combined with
normal horticultural crops such as fields [1]. A similar trend in decentralization is
currently seen in the field of renewable energy. For the mass use of vertical gardens
and their use in already arrested areas, which are not used in any construction, it
is necessary to consider the construction of so-called vertical garden system itself.
Vertical garden technology itself is not a breakthrough, historical roots can be found
for thousands of years in the history ofmankind [2]. The construction of these vertical
gardens can be equippedwith a variety of subsystems—light technics, nutrient supply
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systems, growth tracking, and so on [3]. At present, there are possibilities to use
different types of composite materials, and other possibilities can be brought by
nanotechnologists and others. The paper focuses only on the initial evaluation of
the basic typical design of vertical gardens that are currently available in the current
market.

2 Typical Design of Vertical Gardens

Before AHP-based evaluation, three design alternatives were formulated. The abso-
lute majority of vertical garden systems use modular architecture. Typical design
solutions can be used both for domestic use for small-scale plant cultivation and
for large-scale industrial cultivation. Typical solutions can also be suited to manage
environments. At present, there is a wide variety of materials used, from commer-
cially available polymers to stainless steel or aluminum, or the specific coating of the
support materials. Greening elements are used, or the trend is to use vertical products
that are already used at the end of the life cycle—typically PET bottles and the like.

The first typical design solution (within AHP marked as the A con-
cept) is a modular vertical system located on the building wall (see
Fig. 1). This system can be used for both indoor and outdoor applications.
Thanks to flexible use of different modules, it can often be seen in various apartment

Fig. 1 Schematic
representation of modular
vertical system for wall
mounting (Concept A)
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Fig. 2 Schematic
representation of vertical
garden based on a pillar
structure (Concept B)

buildings, balconies, lodges, and other similar surfaces. This typical design is also
used for the growth of ornamental plants.

A second typical design solution (withinAHPmarked as theB concept) is amodu-
lar vertical garden system based on a column structure whereby the plants themselves
are attached laterally to the tube or small tubular modules and the cylinder is used
(see Fig. 2). As a rule, the subsystem provides nutrient and plant subsystems for the
plants. The construction is at the limit of application for use for home and industrial
use. A typical construction is also used for indoor applications with controlled envi-
ronments such as cellars, halls, or other non-residential spaces even without daylight
access under the condition of artificial illumination. This typical design thanks to its
shape of the main carrier, combined with other subsystems, can also be used to rotate
and achieve better plant illumination.

A third typical design solution (within AHPmarked as the C concept) is amodular
vertical system based on a shelf structure (see Fig. 3). The plants themselves are
mounted in horizontal boxes or boxes that are arranged vertically above each other.
This typical vertical garden design is primarily for mass cultivation. The design is
very suitable for deploying various subsystems to support plant growth. Due to the
large capacities of the planted plant, various profiles, metal, or composite materials
are used within the structure. Within the design, lifetime requirements (durability
with repeatable use) are laid down. The structure itself uses elements of the modular
system, but in combination with size and wiring, it may not be too user-friendly to
use—handling the operator.
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Fig. 3 Schematic representation of vertical garden based on a rack structure (Concept C)

3 AHP-Based Evaluation of Design Alternatives

The AHP procedure is according to [4] summarized as:

• Model the problem as a hierarchy containing the decision goal, the alternatives for
reaching it, and the criteria for evaluating the alternatives.

• Establish priorities among the elements of the hierarchy by making a series of
judgments based on pairwise comparisons of the elements. For example, when
comparing potential purchases of commercial real estate, the investors might say
they prefer location over price and price over timing.

• Synthesize these judgments to yield a set of overall priorities for the hierarchy.
This would combine the investors’ judgments about location, price, and timing for
properties A, B, C, and D into overall priorities for each property.

• Check the consistency of the judgments.
• Come to a final decision based on the results of this process [4].

The following design parameters were selected as criteria:

• Modularity—a parameter that reflects flexibility of use and customization.
• Capacity—planting of as many plants of the same species (while maintaining the
required space for each plant).

• Comfort—a parameter that reflects the easy planting, access to plants, or easy
harvesting of crops.

• Design—a parameter that reflects simplicity of design and production.

The resulting hierarchy is shown in Fig. 4.
In order to select the best concept of vertical garden design, a proven traditional

procedure of the analytical hierarchy process in the design concept selection was
used [5–8].

Performed standard AHP process included among others the pairwise comparison
of criteria (see Table 1), calculation of relative priority vectors (see Table 2), and par-
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Fig. 4 AHP hierarchy for selecting the best vertical garden design concept

Table 1 Pairwise comparison of criteria

Criterion Modularity Capacity Comfort Design

Modularity 1 4 2 4

Capacity ¼ 1 ¼ ¼

Comfort ½ 4 1 ½

Design ¼ 4 2 1

Table 2 Relative priority vectors matrix

Concept Relative priorities according to criteria Criterion Relative
priority

Modularity Capacity Comfort Design Modularity 0.471

A 0.164 0.589 0.200 0.524 Capacity 0.073

B 0.297 0.128 0.400 0.172 Comfort 0.209

C 0.539 0.283 0.400 0.304 Design 0.247

tial priorities calculation (see Table 3). Ratingswere provided by amulti-professional
team.

Table 3 shows that, taking into account mentioned criteria, the highest relative
partial priority received the Concept C (0.433). On the other hand, this concept

Table 3 Partial relative
priorities

Concept (Design) Partial priority

A 0.291

B 0.276

C 0.433

Sum 1.000
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Fig. 5 Benefit–cost diagram

generally achieves a higher (double) benefit at the cost of double unit relative costs
(Fig. 5).

Based on AHP’s results, the research planned in connection with the prepared
dissertation will use a C-based design solution.

4 Conclusion

Analytic hierarchy process helps designers to choose the best solution from several
options and selection criteria. AHP has broad applications in the initial steps of
innovation process when the concept of innovated product is generated. In the case of
the above-mentioned research, the AHP method was used to determine the direction
of the innovative design of vertical gardens that will use the shelf or tank character
of the structure in conjunction with modern light sources and other subsystems.

References

1. Trendov MN (2018) Comparative study on the motivations that drive urban community gardens
in Central Eastern Europe. Ann Agrar Sci 16:85–89

2. Zaid SM, Perisamy E, Hussein H, Myeda NF, Zainon N (2018) Vertical Greenery System in
urban tropical climate and its carbon sequestration potential: a review. Ecol Ind 91:57–70

3. Davis MJM, Ramirez F, Pérez ME (2016) More than just a Green Façade: vertical gardens as
active air-conditioning units. Procedia Eng 145:1250–1257

4. Saaty TL (2008) Decision making for leaders: the analytic hierarchy process for decisions in a
complex world. RWS Publications, Pittsburgh

5. Ulloa C, Nunez NM, Lin C, Rey G (2018) AHP-based design method of a lightweight, portable
and flexible air-based PV-T module for UAV shelter hangars. Renew Energy 123:767–780



AHP-Based Evaluation of Vertical Gardens Design 421

6. Hambali A, Sapuan SM, Ismail N, NukmanY (2009) Application of analytical hierarchy process
in the design concept selection of automotive composite bumper beam during the conceptual
design stage. Sci Res Essay 4:198–211

7. Zhu G, Hu J, Qi J, Gu C, Peng Y (2015) An integrated AHP and VIKOR for design concept
evaluation based on rough number. Adv Eng Inform 29:408–418
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Examining the Modal Characteristics
of the Prestressed Gearbox

Peter Weis, Milan Sapieta and Peter Bezák

Abstract The subject of the paper is to examine themodal characteristics of the con-
veyor gearbox. On gearboxwere detected excessive vibrations during operation. Due
to the fact that the gearbox operates in continuous operation, it was an unacceptable
condition. For this reason, experimental measurements were made using the bump
test to identify the cause of excessive vibrations. In addition, a finite element analysis
was solved in the ANSYSWorkbench software to compare results with experimental
analysis results. Load was considered from torque on the input shaft, the mass, and
inertia effects of the electric motor and prestressed bolt connections. This means, we
solved modal analysis of prestressed system. This approach has enabled us to better
understand the dynamic behavior of the gearbox under real operating loads. Out-
put from the finite element analysis also confirmed the oscillation tendency occurs
mainly on the input gear shaft at certain natural frequencies. From analyzes results,
we can conclude that resonance is caused by the matching of gear mesh frequency
of the input gear shaft with one of the natural frequencies of gearbox housing.

Keywords Modal analysis · Gearbox · Natural frequencies

1 Modal Analyses of Prestressed Gearbox

For the purpose of examining, the modal characteristics were selected gearbox
designed by the company Transmisie Engineering a.s. Martin, SK. On gearbox were
detected increased vibrations during operation, that could cause resonance. For this
reason, a bump test was performed to identify the cause of these vibrations. Table 1
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Table 1 Data of the gearbox

Type of the gearbox TE-KP1-12,5-U2-P4P5P7/1E-X1

Type of electromotor 1PH8226-1HF12-2BC1

Power output of electromotor (kW) 30

Gear ratio (–) 50.46

Rotation of input shaft (min−1) 1470

Rotation of output shaft (min−1) 29.23

Weight of gearbox and motor without oil filling and toque reaction arm (kg) 865

Weight of electromotor (kg) 280

Weight of brake (kg) 68

Table 2 Gear mesh frequencies

Gear mesh frequencies → rotation of input shaft n = 1470 min−1

Gear Number of
teeth

Gear mesh frequency and their harmonic frequencies (Hz)

1x 2x 3x 4x 5x

Bevel 1 11 f Z1 = 269.5 f Z1 = 539 f Z1 = 808.5 f Z1 = 1078 f Z1 = 1347

Bevel 1 34

Sun 1.row 32 f Z2 = 3.179 f Z2 = 6.358 f Z2 = 9.537 f Z2 = 12.716 f Z2 = 15.895

Planet 1.row 32

Sun 2.row 32 f Z3 = 0.788 f Z3 = 1.576 f Z3 = 2.364 f Z3 = 3.12 f Z3 = 3.94

Planet 2.row 32

Ring 97

presents the main data of the gearbox. Table 2 shows gear mesh frequencies and their
harmonic frequencies of individual gears. It is necessary to know these frequencies in
comparisonwith the natural frequencies of the gearbox due to the resonance problem.
More information can be found in the literature [1–3].

1.1 Experimental Modal Analysis

Tomeasure vibration response, the SPMLeonova Diamond, S/N 1241080, was used.
Three tests were performed. They were different in place and direction of impact.
In Fig. 1, the place of measurement is marked by red dot. Places and directions of
impact are marked by red arrows.

The measurements showed that frequency response is near the gear mesh fre-
quency of input gear shaft. This match causes resonance which further goes to the
gearbox housing. Figure 2 shows frequency response from test 1 and impact 2.
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Fig. 1 Test 1, Test 2, Test 3 (from left to right)

Fig. 2 Frequency response, test 1, and impact 2

1.2 Modal Analysis Using Finite Element Method

Analysis was solved in software ANSYS Workbench, which is primarily used to
solve complex and robust 3D models. Real operational load was considered. The
load on the input shaft was defined by torque with nominal value of 274.72 Nm.
On the surface of the inlet, flange was defined load from mass of electromotor and
brake. First was solved static analysis, which gave the new stiffness matrix due
to new contact status. Then modal analysis was solved. Before importing a model
into ANSYS Workbench, complex geometry modification has been made. For this
geometry modification, Creo Parametric software was used. We have removed all
components that are unnecessary from the point of view of the finite element analysis
such as sealing and bearing elements. We have also removed all small holes, cham-
fers, fillets. Geometry modification continues in design modeler module in ANSYS
Workbench. The complete model consists of a number of components. Those that
behave as a single component in terms of analysis are added together using Boolean
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Fig. 3 Boundary conditions

Fig. 4 Contact status
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Fig. 5 Finite element mesh

Fig. 6 Equivalent stress distribution

operations. We have reduced the number of components and eliminated the need to
couple individual parts using contacts.
Boundary Conditions. The first load step was defined as prestress in bolted connec-
tions (see Fig. 3). The weight of the electric motor and a brake is represented by point
mass attached to the gearbox housing. The torque was defined in the second load
step to valueMk = 1 Nm and in the third load step to valueMk = 274.72 Nm. On the
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Fig. 7 Equivalent stress distribution in bolted connections

cylindrical surface of the output shaft, all degrees of freedom have been removed.
The reaction force was captured at the lower part of the reaction arm.
Contacts and Bearing. From a contact point of view, this was a challenging task.
There were contacts in the gears, between the housing parts and all bolted con-
nections. Contacts in gears were defined as no separation type. Frictional contacts
with a friction coefficient of 0.1 were defined between the housing parts. In bolted
connections was contact type set as Frictional with friction coefficient of 0.1 with
the Augmented Lagrange formula and Gauss points detection. Bonded contact type
simulated threaded connection was defined on the cylindrical surfaces of the bolt
and on the threaded holes in gearbox housing parts. The contact status is shown in
Fig. 4.

Substitution of bearings was performed by function joint in ANSYSWorkbench.
There are two bearing types in the gearbox. The spherical roller bearings have been
replacedby spherical joint. This joint has all the rotational degrees of freedom (around
x, y, z). Tapered roller bearings do not allow the tilting of the outer ring against the
inner bearing ring, and thus, they have been replaced by revolute joint.
Finite Element Mesh. The complete finite element mesh (see Fig. 5) consisted of
7,939,280 linear tetrahedrons, 1,957,958 nodal points, representing 5,873,874 solved
equations. Linear elements were chosen mainly due to a large number of elements
and using quadratic elements would mean a very long computation time.

The most important was mainly the size of elements on contact areas where the
element size was set to 1.5 mm. For contact meshing, ANSYSWorkbench automat-
ically uses elements type CONTA174 and TARGE170. The CONTA174 element is
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Fig. 8 Mode shape 2-left, Mode shape 3-right

the eight-node quadratic element used on the contact surface, and the TARGE170
element is a linear triangle element used on the target surface of the contact pair.
When generating a finite element mesh, attempting to use the smallest number of
elements, but too few could affect the accuracy of the solution.

2 Results

Figure 6 shows an equivalent stress distribution. Maximum values are found on the
gear teeth. The stress concentrators are due to the geometry of the bolted connec-
tions where sharp edges are presented to simplify the geometry. Figure 7 presents
equivalent stress distribution in bolted connections.

Table 3 presents the first forty lowest natural frequencies, which are significantly
closer together with respect to a number of components, since all the bolted con-
nections have been included in the model. There are also some frequencies near to
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Table 3 Natural frequencies Mode shape Natural
frequency
(Hz)

Mode shape Natural
frequency
(Hz)

1 9.15 21 455.53

2 13.22 22 491.45

3 22.93 23 500.66

4 31.37 24 524.52

5 44.69 25 531.93

6 61.74 26 553.12

7 84.63 27 575.15

8 92.80 28 587.30

9 109.56 29 594.55

10 121.03 30 602.15

11 190.12 31 667.60

12 194.01 32 699.80

13 253.74 33 830.62

14 269.96 34 883.27

15 298.22 35 896.74

16 303.29 36 911.29

17 362.51 37 934.87

18 367.14 38 983.52

19 401.78 39 1015.40

20 427.91 40 1031.80

gear mesh frequency of input gear shaft, which is 269.5 Hz and their harmonic fre-
quencies. This frequency match causes the resonance on the gearbox. The oscillation
tendency occurs mainly in the area of the input gear shaft, which further goes to gear-
box housing. Figure 8 shows mode shape 2 with maximum value of displacement
1.4303 mm and mode shape 3 with maximum value of displacement 1.6203 mm.
Mode shape 39 has maximum value 6.426 mm, and mode shape 40 has maximum
value of displacement 9.891 mm (see Fig. 9).

3 Conclusions

This paper enables practical application of the knowledge gained during the solution
of this problem in the development of similar complex gearbox. By solving a modal
analysis with real-operating conditions, many problems can be avoided before they
are included in production. For this reason, it is also important to understand the
modal characteristics in order to eliminate possible resonance. Resonance does not
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Fig. 9 Mode shape 39-left, Mode shape 40-right

immediately lead to damage the device but also to a significant reduction in service
life, increased vibration, or high noise.
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Effect of Temperature on Bolt Working
Load of Pressure Vessels

Jiří Začal and Lukáš Jančar

Abstract The area of sealed flange connections of pressure vessels often encoun-
ters critical operating states that are defined by particular load conditions. These
loads are exhibited from assembly stage, through pressure testing, to operation of
the pressure vessel. The issues arising in assembly conditions alone are complex and
significant. However, this article discusses the problematics of flange joints in sub-
sequent conditions. Specifically, it is examining the effect of temperature on the bolt
pretension. Stiffness calculations for machine parts which are constantly exposed to
high temperatures at continuous exertion of force pose a significant level of complex-
ity even nowadays. For calculations of pre-stressed bolt connections, the computa-
tions are even more complicated. This is given by the fact these are highly complex
components that are almost always extremely stressed. However, the requirements
for critical flange joints are even higher. There are not only bolts strength require-
ments, but strict leak rate requirements of gasket joint as well. This article provides
a basic description of the effect of temperature on bolt pretension. Its theoretical
basis is complemented by concrete examples from practice. Subsequently, one of the
examples is subjected to FEM analysis. Finally, the possible ways of partial elimi-
nation of negative thermal influences on flange connections of pressure vessels are
demonstrated.

Keywords Flange joints · Gasket · Bolt pretension · Pressure vessel · Circular
flange · Temperature

1 Introduction

Critical flange joints of pressure vessels (see Fig. 1) are often working under high
operation temperatures. The stiffness calculations of the pressure vessel parts are thus
considerably complicated. It is not correct to rely on the knowledge of themechanical
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Fig. 1 Tube bundle with cover of floating head [2]

properties of materials that are inherent in normal temperature conditions [1]. Such
results may be too conservative. Sufficiently it would not correspond with reality.
A high reliability of results can only be guaranteed if it comes from an experiment
whose conditions best describe the reality of the load on a particular component
during the fatigue life. However, creating such tests is very difficult and expensive.
In addition, the basic idea of the experiment is denied. This is why in practice it is
often based only on experience.

2 Basic Description of the Effect of Temperature on Flange
Joints with Gasket

For the correct design of the thermally stressed flange connection, the key knowledge
of operating temperatures and thermal expansion coefficients, for components of the
joint, is crucial. Due to the increased operating temperature, Young’s modulus of the
materials elasticity is changing, and therefore, the stiffness of the joint is changing
too [1]. Knowledge of this parameter is also important.

It may not seem difficult to include these influences. The calculation procedure
is given, for example, in CSN EN 1591-1 [3, p. 31]. The simplified Eq. (1) is given
in the following [1 p. 224].

F0t =
αp

(
tp − to

) − αs(ts − to) + F0 ·
(

1
Sp ·Ept

+ 1
Ss ·Est

)

1
Sp ·Ept

− 1
Ss ·Est

(1)
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However, only steady temperatures are often inserted inside this equation. Only
values of steady-state temperature are substituted into the mathematical relation.
Nevertheless, the most significant temperature differences are observed during the
period of approach to the working condition, and not during the steady state itself.

2.1 Effect of High Temperature on Bolt Pretension
and Leakage

What effect the operating temperature will have on the bolt pretension will depend
primarily on the thermal expansion of the flange joint parts. Rate of this deformation
depends on coefficient of thermal linear expansion and temperature. In practice, the
temperature of the bolt is usually lower than the temperature of the flanges. Due to
this behaviour, the bolt pretension increases.

The gasket of pressure vessel is another important component, which is affected
by temperature. The leakage is strongly dependent on the gasket stress. The gasket
properties are determined by the tests according to CSN EN 13,555 [4]. This stan-
dard specifies leakage graphs (see Fig. 2), which depict the leak rate requirement
dependence on used gasket stress. Furthermore, it shows the graphs of dependence
of gasket pressure on gasket closure. Also important are the linear or nonlinear
unloading slope graphs that define the degree of plastic and elastic deformation of
the gasket after unloading. Based on all these dependencies, it is possible in practice
to determine the optimal gasket pressure for any load conditions. However, if the
bolt working load increases due to thermal expansion of flanges, the gasket stress
increases too. After the temperature has reached equilibrium, both the bolt load and
gasket stress decrease, but the large gasket plasticity does not allow full recovery
of sealing joint. Therefore, leakage may occur under the operation conditions. This
situation can occur already at the beginning of the working cycle (when the operating
temperature is approaching) or after several work cycles. These negative effects are

Fig. 2 Graph of leak rate requirement
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most apparent in floating-type joints (FLT) [5]. This type of joint does not allow the
flanges to metal-to-metal contact (MMC) [5] around sealing surface; thus, the whole
gasket pressure is exerted on effective sealing surface. The greater effect of inappro-
priate heat transfer is on loose flange with collar or stub. Temperature differences
can be significant in this case, even over 100 °C.

2.2 Long-Term Thermal Effect on the Flange Connection

Many critical flange joints are in practice loaded with temperature over a long period
of time. Partial or total loss of bolt pretension is due to the relaxation and creep defor-
mation of material. These two terms cannot be confused. While during relaxing, the
stress in the component decreases due to the increase of the plastic deformation to the
detriment of the elastic deformation, and the length of the component is unchanged.
During the creep deformation, the component changes its length. Creep deformation
can be defined as a continuous, very slow, and permanent deformation of material
under the influence of mechanical stresses during the ambient or higher temperature.
It is plastic deformation only.

It is very difficult to determine the loss of preload at the creep-affected joint.
The nature of the flange and bolt tension is too complicated. Creep parameters from
experimental measurements (e.g., ultimate strength limit), which correspond to the
smooth test specimens, cannot be used for the calculation of the bolt connection.
The results would not correspond to reality [1]. The only reliable method is an
experiment performed directly on a bolt flange connection. But there are not many
such examinations that would match the length in the thousands of hours. Similar
tests have proven that greatest loss of bolt pretension will occur over the first six to
ten hours. This is because both the creep rate and the relaxation rate depend on the
magnitude of the stress that is highest in the component at the start of the test.

In practice, the issue of creep and relaxation is mainly resolved by choosing better
materials. Suitable materials are those containing carbide and nitride precipitates.
Next, alloyed steels with molybdenum are recommended, but the elements (Cr, Ni,
V, Nb, and N) are also suitable. However, for a good flange joint design, only the
right choice of material is not enough. There is a need for creep deformation area
research.

3 Examples of Temperature Effect from Technical Practice

Nearly every critical flange connection is affected by high temperature in technical
practice. Each critical flange connection requires an individual approach to the solu-
tion, due to complex load conditions. Two examples of the negative influence of high
temperature on the flange joints are presented in this chapter.

Figure 3 depicts the temperatures on the flange joint by thermocamera. Extreme
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Fig. 3 Thermovision of critical flange joint

temperatures were caused by heat shield failure inside the container.
In this case, the high temperature had several negative effects on the tightness

of the flange joint. The first failure occurred at the beginning of the operating state,
during the heating of the joint.

Due to the improper heat transfer, the large temperature differences between the
flange and the bolt occur. The flange can have up to 100 °C higher temperature. As
a result, the bolt working load increases. Even though this phase is only short-term,
plastic deformation of bolt has occurred and, consequently, loss of tightness of the
gasket joint. From thermovision view, it was obvious that the temperature of the
flange is different in circumference. In this case, it is not possible to guarantee any
leak rate requirement, due to variable gasket pressure.

To mitigate improper heating effect of the flange connection components, it is
possible to use insulation. However, in this case, isolation has caused degradation of
the joint. The temperatures could then increase to 600 °C. Such high temperatures
are also limiting for heat-resistant materials, especially with respect to relaxation
and creep of material. In this case, the heat shield improvement was necessary even
though the connection is constantly monitored by heat sensors.

Another example in Fig. 4 does not concern the problem of increased bolt and
flange temperatures, but high temperature of the material of the piping systems.
Arrows in the middle Fig. 4 indicate a site where leakage has been repeatedly lost.
The gasket has been damaged from both sides in the direction of the upper pipe
connection. The reason was the defect in compensating the thermal length expansion
in the direction of the arrows (see Fig. 4). The thermal expansion of the upper inlet
pipe causes an external bending moment to occur. The floating joint type of flange
is not able to withstand such a large external load (see Sect. 2.1). It was necessary to
adjust the joint by adding a steel ring next to the gasket. Special boltswith narrowneck
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Fig. 4 A pressure vessel
with long inlet pipeline

were also used. This solution for eliminating the negative influence of temperature
is described later in Chap. 5.

4 Analysis of Temperature Effect by FEM

Based on experience, a computational model was developed in ANSYS Workbench
18.2 Academic Research, which includes the influence of thermal expansion of the
flange joints and the influence of the thermal expansion of the inlet pipe. The model
must be considerably reduced because it is not advisable to use the symmetry tool
when analyzing the influence of the inlet pipe. The purpose of the calculation was to
demonstrate how the temperature can affect the operating force in the bolt.

In first step, a transient thermal analysis was developed. The internal media tem-
perature was set at 120 ° C. The analysis was divided into several load conditions.
The first loading state is the assembly condition (I = 0) where only the ambient
temperature is 22 °C. The second load state (I = 1) considers the heating of the
flange connection only (see Fig. 5). In the third load state (I = 2), the supply pipe is
also heated to 120 ° C. The next and last load condition (I = 3) takes into account
the heating of the supply pipe to 200 °C; the other parts of the pressure vessel have
ambient temperature. The results further enter the static structure analysis, so it is
necessary to select the critical source time from the thermal analysis only. It is the
timewithmaximum temperature differences between flanges and bolts (see Fig. 5) or
the time, when the inlet pipe is heated over the whole length, etc. The static structure
analysis intentionally simulates the effect of nonfunctional linear thermal expansion
compensation. From one side of the pipeline, fixed support was used. The pressure
vessel is not loaded by any internal pressure. The M36 screws are used for analysis.
The clamping length of the flanges is 200mm. The inlet pipe axis is located 1500mm
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Fig. 5 Transient thermal analyses

Table 1 Bolt working load
with temperature dependence

Load conditions Bolt working load [kN]

I = 0 159.54

I = 1 180.65

I = 2 184.71

I = 3 180.52

above the flange connection plane. The pipeline has a DN 170 mm and a length of
1500 mm. The results of the analysis are depicted in Table 1.

Even though this analysis is only simplified and used load conditions do not reach
as critical values as in practice (see Chap. 3), it can be concluded from the results that
the influence of thermal expansion on the force in the bolt is significant. Although
the difference in flange and screw temperatures is only 54 °C in the I = 1 state (see
Fig. 5), the force increased by 13.2%. Upon heating of the supply pipe in the I =
2 state, the force increase is up to 16%. In the operating state I = 3, when higher
temperature affected inlet pipe only, the increase of bolt pretension is 13.1%.

It should be considered that in practice the internal pressure in the vessel also acts.
In addition, the bolt connections are often tightened to the yield strength. Therefore,
all critical thermal load cases and interfaces must be included in the calculation of
critical flange joints. Knowledge of in situ states may not always be sufficient.
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Fig. 6 MMC joint with gap

5 Elimination of the Negative Effect of High Temperatures

Negative effects of temperature can be partially eliminated. First, another type of
flange can be used (see Fig. 6). When fully tightened by bolt connection, MMC type
of flanges [5] achieves a metal-to-metal contact around the sealing surface. The gap
between the flanges ensures a better joint elasticity.

Another way of eliminating the effect of temperature is to allow heat transfer
between a warmer flange and a cooler bolt (e.g., by screwing the bolt into one of the
flanges) [1]. Next, the overall stiffness of the joint can be changed. Lower stiffness
of the bolt and flange (e.g., using special long bolts with narrow neck, inserting
the tubular washer) will improve flange joint elasticity. Due to effect of elasticity,
additional bending of the bolt occurs. This can be eliminated by using more number
of narrow bolts instead of a smaller number of larger bolt diameters. In such a case, it
is suitable to use under the nuts also high-carbon washers that will not deform during
assembly but will allow plastic deformation in critical operating conditions. This
plastic deformation relieves the stress of the bolt. For heat-stressed flange joints, it
is also preferable to use high-strength and heat-resistant bolt material. If the preload
is expected to increase due to the thermal expansion of the flanges, it is advisable to
reduce the bolt pretension in assembly conditions already. The case where the bolt
temperature is higher than the flange temperature is in practice unique. In such a case,
it is necessary to achieve maximum bolt pretension already in assembly conditions.
For joints exposed to dynamic load and high operating temperatures, special loose
flange constructions are demonstrated in [1, p. 226].

6 Conclusion

Calculations of heat-affected machine parts can still be considered very complex
even nowadays. Even though the effect of the temperature is considerable, attention
in practice is very poor in this area. This often leads to unnecessary defects in flange
joints. The article describes the basic theory of temperature influence on the flange
joint with bolt pretension. It is also described what effect the temperature may have
on the gasket and its properties. In the next section of the article are present real
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examples of extreme temperature effects on flange joints from technical practice.
FEM analysis follows, which demonstrates the effect of thermal expansion of flange
joints and connected pipes on a simplified model. This is a simplified simulation of
the examples from practice, which were presented in Chap. 3. At the end of the paper
are presented ways of eliminating the negative effects of temperature on the joints
with bolt pretension. These examples are based on experimental measurements and
practical experience.
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Scuffing Resistance of 16MnCr5 HCR
TiAlCN-Coated Gears

Miroslav Bošanský, František Tóth, Ladislav Gulan, Juraj Rusnák
and Adam Furstenzeller

Abstract This paper describes options of application of thin hard coatings on a
non-standard involute HCR gearing made up of mat, 16MnCr5, in interaction with
ecological gear oil OMV biogear S 150 and gear oil PP90H. Based on the analysis of
their geometrical characteristic and it’s differences from a non-standard C-C gearing,
the options of applying thin hard coatings on the surface of gear tooth flank are
reviewed. From the previous results obtained at our workplace (Institute of Transport
Technology andDesigning, Faculty ofMechanical Engineering of STU inBratislava)
a TiAlCN nitride was applied and the article mentions the results obtained from
Niemann’s stend for scuffing, which indicate that in the cases of lubrication with
both OMV Biogear S 150 and PP90H similar results were achieved. The difference
between the oils was only visible on the pinion, where scuffing occurred at the 12th
load stagewith OMVbiogear S 150 oil at the dedendum, but with PP90H, no scuffing
was observed.

Keywords TiAlCN coating · HCR · C-C gearing · Niemann’s stend · 16MnCr5

1 Introduction

For gear transmission lubrication, oils with high viscosity grade VG from 100 to
680 are very often used. Applying them for the lubrication of tribological elements
poses a risk of their leakage into the outside environment, having a negative effect,
especially with machinery used in agriculture, forestry and building industries. One
of the possibilities of how to prevent an extensive soil or water contamination is the
usage of ecologically easily degradable lubricants and oils. Some countries including
Germany and Sweden even require the usage of biologically decomposable oils in
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all applications working in ecologically sensitive zones, e.g. areas of water source
preservation [1].

Ecological lubricants must therefore fulfil not only the performance requirements
defined by the machine manufacturer but ecological demands for degradability and
toxicity of the lubricant. The eco-toxicity tests used nowadays in accordance with
OECD 201, 202, 203 guidelines evaluate the impact of substances in water envi-
ronments by studying their impact on standard types of algae, water flea and fish
representing water environment and furthermore are approved tests of biodegrad-
ability, e.g. the OECD 301 series of the CEC L-33.A.93 test, which are available for
the evaluation of biodegradability in water. These different methods allow reviewing
the impact of chemical substances on water environment [2]. A limiting factor is the
specific gear transmission mechanism.

2 Gearbox as a Tribotechnical System

The transmission of an industrial machine can be characterized as a complex tri-
botechnical system, consisting of various tribological elements, such as a bearing, a
shaft seal and a gear (see Fig. 1).

In terms of increasing the load capacity of gears, it is crucial to observe the
indicators of friction, lubrication and wear of the gear mesh in interaction with the
used lubricant [3]. With increasing gear load also the contact stress in gear teeth,
friction and temperature increase. The amount of contact stress plays a significant
role in the formation of tooth flank damage like pitting (see Fig. 2) or scuffing
(see Fig. 3). Various factors contribute to the formation of particular damage, e.g.

Fig. 1 Gearbox as a tribotechnical system
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Fig. 2 Tooth flank damaged
by pitting

Fig. 3 Scuffing of the tooth
flank

operating factors (load size, operating temperature and lubricant), geometry, gear
material and surface hardness of the tooth flanks or gear mesh accuracy.

Scuffing mostly occurs on the tooth face and flank, which is in the regions with
higher slip velocity and large heat generation. This technical fault mostly occurs with
high-speed and highly stressed gears, because of high specific strain energy on the
surface of the working profile of the tooth [4].

The analysis of the tooth flank damage [5] implies that the main role in the issue
of tooth flank damage in gears is played by the amount of contact stress. Higher
resistance to damage can be ensured by increasing surface load capacity of the tooth
flank, which can be achieved as follows:

• Change of the geometrical dimensions of the gearing. The disadvantage of this
solution is the inevitable increase of overall mass of the gear.

• Using higher quality oils. However, higher oil quality is usually achieved by
adding larger concentrations of fitting additives, which are often characterized
by considerate amount of eco-toxicity.

• Using higher quality materials. This results in higher costs for the material.
• Increasing the load capacity of the tooth flank surface.
• Changing of the tooth flank geometry—change of the structural shape of the
contact surface.
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Fig. 4 HCR gearing geometry

In terms of preventing operating failures, the most suitable options out of those
mentioned above are increasing the load capacity of the tooth flank surface, or the
change of the tooth flank geometry. One of the possibilities of how to increase the
surface load capacity of the flank is also the technique of applying various coating
layers. Since most degrading processes start as surface damage of the components,
the application of coating can be a suitable solution for increasing the load capacity
of the surface and therefore prolonging the durability of tooth gears. The formation
of coating is possible in a wide range of widths (from a few mm to a few µm).
By applying coatings, it is possible to achieve the enhancement of wear resistance,
corrosion resistance, fatigue life, etc. Regarding coating, a major role is played by
adherence of coating towards the substrate, because it determines the admissible
stress of the coated component. HCR gearing (see Fig. 4), where higher slip ratio
occurs in gear mesh [5], compared to the standard involute gearing or convexo-
concave gearing, but considering continuous meshing of two teeth in a gear set
a lower load and therefore lower contact stress occurs (see Fig. 5). Nowadays, this
type of gearing is more widely used in automobile industry; therefore, it is interesting
to research the options of application of thin hard coating even in this case.

3 Coating on Gears

The processes of application of coating layers on the surface of the base material can
be divided into the following categories:

• electrochemical deposition,
• chemical deposition,
• thermal spraying,
• physical and chemical vapour deposition in a vacuum (CVD, PVD) [4].
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Fig. 5 Load in gear mesh. Left: Allocation Fn along mesh in C-C gearing. Right: Allocation Fn
along mesh in HCR gearing

The increasing surface load capacity by applying coating layers with PVD and
CVDmethods began to be used in the 70s. Titanium carbide coating by CVDmethod
was used at first. Among the first ones to be coated were blades made of cemented
carbide. Later, coating materials such as TiN or TiCN started to be used. High depo-
sition temperatures around 1000 °C did not allow for the CVDmethod to be used for
applying a coating on tools made of high-speed steel. Therefore by the end of the 80s,
the PVD method started to be enforced [4]. Physical vapour deposition (PVD) is a
method of physical metallization from vapour, which consists of the deposited mate-
rial being transformed into a vapour phase in a vacuum and consequently deposited
on the substrate at low temperatures ranging from 150 to 500 °C [6].

In the case of gear transmissions, it is necessary to consider specific conditions
for gear mesh while applying thin hard coating; therefore, in this case there are the
following requirements:

• resistance towards high stress arising with gear mesh,
• sufficient adhesion of the coating on the gear surface for selected gear transmission
materials,

• resistance to temperatures generated by gear mesh up to 450 °C,
• maximum roughness of tooth flanks of gear transmissions Ra 0.6 µm,
• minimum surface stiffness of tooth flanks 60 HRC,
• low value of friction coefficient up to 0.4,
• endurance of the coating to mineral, synthetic or ecological lubricants.

Krantz [7] carried out fatigue tests in the NASAGlenn Research Centre on coated
and uncoated spur wheels made of steel AISI 9310 (14NiCrMo13-4) designed for
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gear manufacturing. The set of gears chosen for coating was modified by blast clean-
ing before deposition with a water-based medium containing Al2O3 particles sized
approximately 10 µm. Consequently, they were given a thin adhesive layer of ele-
mentary chromium, onto which was alternately applied a layer of Cr andWC and the
coating system was finished by a hydrocarbon laser containing wolfram (W-C:H).
The layers were created by a magnetron sputtering method with an overall thickness
of 2.5–3 µm. The results proved that the fatigue life of coated gears was 5 times
higher in comparing with uncoated gears.

The increase of scuffing and pitting resistance is stated by Michalczewski [8] as
well, while he also deals with substituting commonly used oils with additives against
wear—AW and for extreme pressure—EP, by ecological lubricants and their inter-
action with coatings applied on the surface of gears made of the material 20MnCr5
(14 221). The results of his research among other things show the fact in extreme
load pressure conditions the DLC coating can take on the role of AW and EP addi-
tives, allowing to minimize the application of these toxic additives in lubricants
and therefore achieve so-called ecological lubrication. At the same time, gears with
amorphous C:H:W coating lubricated with ecological oil showed 20% lower oil tem-
perature during operation and also 20% lower friction coefficient compared to gears
without coating and lubricated with high-performance gear oil GL-5.

Based on the previous research at the Institute of Transport Technology and
Designing, Faculty of Mechanical Engineering of STU in Bratislava, in the field
of coated K-K and involute gear sets, we used biodegradable gear oil OMV biogear
S 150 and the application of TiAlCN also coating in the case of HCR gearing in Nie-
mann’s stend tests. It is a graded nitride coating for universal use with high toughness
and stiffness (30 GPa) with low friction coefficient (0.5) and max operation temper-
ature (450 °C) suitable for milling operations. As a comparison, we carried out tests
with standard gear oil PP90H. The scuffing test results on Niemann’s stend for the
OMV biogear S 150 oil are shown in Fig. 6 for a wheel and in Fig. 7 for a pinion.
For the PP90H oil, Fig. 8 shows the results for a wheel and Fig. 9 for a pinion.

Fig. 6 Change in Rz
roughness on a HCR wheel
lubricated by OMV biogear
S 150
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Fig. 7 Change in Rz
roughness on a HCR pinion
lubricated by OMV biogear
S 150

Fig. 8 Change in Rz
roughness on a HCR wheel
lubricated by PP90H

Fig. 9 Change in Rz
roughness on a HCR pinion
lubricated by PP90H

4 Conclusion

Based on the acquired results, it can be stated that considering the specific operating
conditions in HCR gearing mesh (high slip on the dedendum and addendum of gear
teeth) and on the contrary lower contact stress resulting from continuous mesh of
two gears, in the interaction with the ecological gear oil OMV biogear S 150 in
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the Niemann’s stend scuffing test, better results were achieved than in the cases of
standard involute and non-standard C-C gearings [4, 5, 9–12]. Scuffing only occurred
on the pinion and at the 11th load stage, as can be seen in Fig. 7. By comparing the
two oils, it can be concluded that in the case of the wheel the results were reconcilable
until the 11th load stage. At the 12th load stage, an increase in surface roughness
occurred with both oils, while with OMV biogear S 150, it was mainly at the wheel’s
addendum, and in the case of the PP90H oil, it was near the standard pitch diameter
of the wheel. In case of the pinion, there is a significant increase of roughness near
the pitch diameter at the 12th load stage using the OMV biogear S 150 oil, while an
increase of roughness was also recorded in the dedendum. As can be seen in Fig. 9,
in the case of a pinion lubricated by the PP90H oil, no increase in roughness occurred
even in the 12th load stage.

Acknowledgements The research work reported here was made possible by grant projects VEGA
1/0227/15.
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Analysis of Tribological Properties
of Composite Materials
for the Production Designing of Bearing
Cage

Jozef Bronček, Ronald Bašt’ovanský, Viera Konstantová
and Michal Stupavský

Abstract Some types of bearings, which are used for specific applications of rolling
bearings, allow the use of composite materials for cages. Generally, the cages are
loaded only with small forces in rolling bearings, but at higher speeds or in disturbed
rolling of bodies, the force acting on the cage can significantly increase. In these cases
for increasing of elasticity of cagesmade from technical plastic are preferred, because
they are well resistant to bearing lubricants. To improve the dimensional stability of
these materials, they are reinforced with glass, carbon fibers, or glass microspheres,
and alike. The cages made of composite materials are characterized by their low
weight, high elasticity, and very good sliding properties. This paper presents the
results of experimental research on the tribological properties of selected composite
materials tested in different environments and their mutual comparison. Experimen-
tal measurements were realized on the experimental device linear microtribometer
working on the principle of method ball on plane. This method according to the stan-
dard ISO 7148-2 is standard method for tribological properties testing. The structure
analysis of experimental samples was performed because of understanding of poten-
tial structure influence on material properties. The aim of experiments was to acquire
the knowledge that can be used in designing materials for bearing cages.

Keywords Tribology · Analysis · Composite materials · Structure · Bearing cage

1 Introduce

The rolling bearings are an indispensable part of the tractionmechanisms, where they
performmultiple tasks associated with the storage of the rotating shafts. One of them
is a reduction in friction in the housing, which has a positive effect on the overall
efficiency of the device. Solving the surface wear problem of the bearing materi-
als requires knowledge of the wear and how to measure and evaluate it. Growth of
knowledge in this area can help us address a wide range of theoretical as well as
practical issues encountered by developers and designers of rolling bearings. The
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constant development of newmaterials and coatings used for rings, rolling elements,
and cages requires their research on experimental devices to evaluate and measure
their physical and mechanical properties. On the other hand, comparison of these
properties with other materials is equally important. The cages are generally loaded
in bearings only by small forces, but at higher speeds or in the case of disturbed
rolling of bodies, the force acting on the cage can increase considerably [1–3]. For
these cases, a cage made of plastic is preferred for higher elasticity. In order to
guarantee their long-lasting functional capabilities, for plastic cages, other material
properties and design specificities as applied to classic materials (steel, brass) have
to be taken into account: flexibility and strength in the operating temperature range,
resistance to fatigue load, tolerance with assumed lubricant, tribotechnical appropri-
ate cage shape and others. Plastic cages are characterized by their low weight, high
elasticity, and very good sliding properties. For small- and medium-sized bearings,
solid plastic cages made by injection molding made of polyamide PA 6.6, which is
also reinforced with glass fibers, respectively, carbon fibers. Polyamide cages (PA
6.6) are used for operating temperatures up to 100 °C, shortly up to 120 °C. For
cage material a different types of lubricant according their aggressiveness are used.
For large bearings, plastic segments of PEEK polymer with excellent mechanical
properties and excellent chemical resistance to organic and inorganic substances at
high temperatures are mainly used for production purposes. PEEK material is used
for operating temperatures up to 250 °C [4–6].

2 Experimental Materials and Specimens

Two types of composite materials were used for the production of tested specimens.
Composite materials with the polyamide basic matrices were reinforced with carbon
fibers and with glass fibers, respectively. The specimens had a shape according to
Fig. 1, with size 20 × 80 mm and thickness of 4 mm.

Structure analysis was done on longitudinal and cross section of sample extracted
from specimens before tests. In this work, onlymicrostructure of longitudinal section
in test direction of structure is presented (see Fig. 2).

The samples for metallographic analysis of composite material microstructure
were done with conventional method. Image analysis of structure was done on soft-
ware Quick PHOTO Industrial 3.1; the percentage of phases was measured. In the
case of composite material with glass fibers, the phase reinforcement is 25% approx.
in the measured area. In the case of composite material with carbon fibers, the rein-
forcement phase is 65% approx. in the measured area. Photos, shown in Fig. 2, were
used as a measurement areas for determination of reinforcement content.

Uniform distribution of reinforcement in matrix was evaluated in the composite
material with carbon fibers. However non-uniform distribution of reinforcement in
matrix was evaluated in the composite material with glass fiber. It is known that
uniformity and density of reinforcement distribution influencemechanical properties
of composite materials. Therefore, it is important to perform a structural analysis.
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Fig. 1 Photograph of real experimental specimens, left side: composite material with carbon fiber,
and right side: composite material with glass fiber

Fig. 2 Microstructure of material, longitudinal section in the test direction, left side: composite
material with glass fibers, and right side: composite material with carbon fibers

For micro-innovations, the meaning of the microstructure evaluation is described in
[7, 8]. These composite materials were delivered by company without any technical
parameters because of private property.

3 Tribological Tests

To evaluate the tribological properties, the testing equipment linear microtribometer,
in a tribological laboratory (see Fig. 3) of the department of design and mechanical
elements was used. The actual test is based on the ball-on-plate method (see Fig. 4),
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Fig. 3 Testing equipment
linear microtribometer

Fig. 4 Principle of
tribological test method: ball
on plate

which is a standard method of testing the tribological properties of polymer-based
bearing materials (ISO 7148-2) [9].

The main part of the microtribometer is the tribological node, which consists of
a ball- and plate-shaped specimen. The balls with a diameter of d = 3.5 mm made
from the 100Cr6 bearing steel and the SiC ceramic material were used. The ball
movement is non-uniform, linear, and reversible in each test. The moving ball is
pressed onto a static specimen under specific load. The specimen is mounted in the
bowl. The bowl is mounted on a loosely constructed plate. The loosely constructed
plate is supported at three points and fixed to the strain gauge.

The FT friction force is determined by tensometric plate positioning. From the
FT and FN values, friction coefficient values were calculated.

The test methodology was chosen to determine the friction coefficient for the
different load values f at the selected sliding velocity ν. The duration of the each
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experimental test was t = 6000 s, at a sliding velocity ν = 0–0.02 m s−1 and for
normal load values of FN = 5 and 10 N.

In each test, the total sliding distance of the tribological traces was 100 m. The
tests were carried out under atmospheric conditions with lubrication and without
lubrication.

4 Results and Discussion

The graph of the friction coefficient values in dependence on time for the composite
material with glass fiber (specimenVz1 and specimenVz2) in different environment:
without lubrication (N) and with lubrication (M), and variant condition: loading FN

= 5 and 10 N, with a steel ball (O), respectively, with the ceramic ball (K) is shown
in Figs. 5 and 6.

In Table 1, the numerical values of friction coefficient for each specimen in variant
conditions are presented for composite material with glass fibers. The graph of the
friction coefficient values in dependence on time for the composite material with

Fig. 5 Graph of friction coefficients of the compositematerialwith glass fibers, specimenVz1—test
environment: without lubricant
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Fig. 6 Graphof friction coefficients of the compositematerialwith glass fibers; specimenVz2—test
environment: with lubricant

Table 1 Friction coefficient values, different environments, composite with glass fibers

Specimen mark Ball Lubrication Load FN (N) Friction coefficient (–)

Vz1-Kom-5N-O-N Steel No 5 0.075

Vz1-Kom-5N-K-N SiC No 5 0.04

Vz1-Kom-10N-O-N Steel No 10 0.22

Vz1-Kom-10N-K-N SiC No 10 0.04

Vz2-Kom-5N-O-M Steel Yes 5 0.035

Vz2-Kom-5N-K-M SiC Yes 5 0.035

Vz2-Kom-10N-O-M Steel Yes 10 0.03

Vz2-Kom-10N-K-M SiC Yes 10 0.06

Legend O—steel ball; K—ceramic ball, SiC; N—without lubricant; M—with lubricant

carbon fibers (specimens Vz3 and Vz4) in two different environment: without lubri-
cation (N) and with lubrication (M), and variant condition: loading FN = 5 and 10 N,
with a steel ball (O), respectively, with the ceramic ball (K) is shown in Figs. 7 and 8.
In Table 2, the numerical values of friction coefficient for each specimen in variant
conditions are presented, for composite material with carbon fibers.
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Fig. 7 Graph of friction coefficients of the composite material with carbon fibers, specimen Vz3—
test environment: without lubricant

Experimental results of tribological test are possible to discuss in consequence:

1. Comparing the friction coefficient waveforms without lubrication (see Fig. 5,
Table 1), it can be stated that the friction coefficient of the glass fiber composite
material using a ceramic ball has a lower value than the steel ball at a load of 5
and 10 N.

2. Comparing the friction coefficients under the lubrication conditions (see Fig. 6,
Table 1), it can be stated that the course of the friction coefficient for the glass
fiber composite material using a ceramic ball is higher than that of the steel ball.

3. Comparing the friction coefficients of the friction coefficients under non-
lubrication conditions (see Fig. 7, Table 2), it can be stated that the friction
coefficient of the carbon fiber composite material using a ceramic ball has a
lower value than the steel ball at 5 and 10 N loads.

4. By comparing the friction coefficients of the friction coefficients under the lubri-
cation conditions (see Fig. 8, Table 2), it can be stated that the frictional coeffi-
cients of the carbon fiber composite material using a ceramic ball and a steel ball
are similar.
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Fig. 8 Graph of friction coefficients of the composite material with carbon fibers, specimen Vz4—
test environment: with lubricant

Table 2 Friction coefficient values, different environments, composite with carbon fibers

Specimen mark Ball Lubrication Load FN (N) Friction coefficient (–)

Vz3-Kom-5N-O-N Steel No 5 0.095

Vz3-Kom-5N-K-N SiC No 5 0.082

Vz3-Kom-10N-O-N Steel No 10 0.09

Vz3-Kom-10N-K-N SiC No 10 0.058

Vz4-Kom-5N-O-M Steel Yes 5 0.042

Vz4-Kom-5N-K-M SiC Yes 5 0.042

Vz4-Kom-10N-O-M Steel Yes 10 0.035

Vz4-Kom-10N-K-M SiC Yes 10 0.067

Legend O—steel ball; K—ceramic ball, SiC; N—without lubricant; M—with lubricant

5 Conclusion

The presented work deals with the tribological properties of composite materials
and their suitability for use in the production of roller bearing cages. The tribological
test analysis done on microscale is also necessary for innovations in this level. The
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comparison of experimental results of tribological properties at different loads of
5 N, 10 N, and two types of ball (steel ball and ceramic ball) and in different envi-
ronments allowed monitoring the influence of the load and lubrication on the tested
materials. From discussed results the following conclusions are: the values of the
friction coefficient varied significantly with the character of the environments, the
size of the load force and the type of the body; the values of the friction coefficients
detected under the lubrication conditions for both composite materials evaluated and
for both bead materials are lower than under non-lubricating conditions.

Acknowledgements This article was written with financial support of Ministry of Education,
Science, Research and Sport of the Slovak Republic of KEGA project 031 ŽU-4/2016.

References
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Investigation of the Tribological
Properties of the Nitride Layer
on Heat-Treated Steel 100Cr6

Jozef Bronček, Martin Vicen, Peter Fabian and Norbert Radek

Abstract The article deals with the tribological properties of the heat-treated steel
100Cr6 and the nitride layer formed on this steel. Steel 100Cr6 is a bearing steel that
is used to make bearings’ rings and bearings’ elements. The reason for the formation
of nitride layer on heat-treated steel 100Cr6 is the decrease of the friction coefficient.
The reduction of friction coefficient contributes to reduce wear and, at the same time,
increases the lifetime of the rings and elements of roller bearings during their work
time. Experimental measurements were realized on the experimental device rotary
microtribometer working on principle “ball on disc”. The aim of tribological tests
is to determine the coefficient of friction of material pairs, compare them and then
evaluate them. Based on the results, the suitability of the nitride layer for the bearing
materials is determined. The results will be suitable not only for bearing materials
but also for a wide range of iron-based materials.

Keywords Tribology · Nitride layer · Ball on disc · Steel

1 Introduce

In general, the heat treatment of roller bearings made from bearing steels (steel
100Cr6) serves to change the mechanical properties of the bearings’ material. Due
to high wear and fatigue resistance requirements, the bearing steels are the most
demanding, not only in the production, but also in their shaping and heat treatment
[1, 2]. One of the options for obtaining a high surface hardness and tough core of
components and reducing the friction coefficient is to form a nitride layer on surface
of 100Cr6 bearing steel. It is a requirement that suitable chemical heat treatment
processes achieve the desired hardnesswhichwill increase the toughness and increase
wear resistance of the surface layerwhich is in contactwith other surfaces.Advantage
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of heat treatment technology used is that nitriding temperature 500–600 °C is lower
than for example in cementing. This temperature does not cause large deformations
of the shape and geometry of the parts, and surface does not require further heat
treatment to achieve the required hardness [3].

Determining the tribological characteristics of real material pairs or tribotechnical
systems is currently being realized in many workplaces. It is carried out by exten-
sive experimental research, which provides its own data and possibilities to verify
proposed theoretical hypotheses [4–6, 8].

2 Material and Heat Treatment Parameters

As the experimental material was used standard 100Cr6 bearing steel with chemical
composition shown in Table 1.

Figure 1 shows sample shape of a circular disc with outer diameter φ 46, inner
diameter φ 25 and thickness 6 mm (the first member of the friction pair). The second
member of the friction pair is a ball. Both members are made from 100Cr6 bearing
steel.

Samples (circular discs) were heat treated by the recommended mode charac-
teristic of this steel. The austenitizing temperature of samples was 830 °C with a
residence time at this temperature of 25 min. Subsequently, samples were quenched
into the DURIXOL V71 oil. Tempering of samples was performed at 160 °C for 2 h.
As a result of samples, heat treatment has obtained a structure which consisting of
the tempered martensite, the evenly distributed carbides (Fe, Cr)3C and the residual
austenite (Fig. 2).

Vickers hardness test was measured on all samples after heat treatment. The
hardness results of samples after heat treatment are shown in Table 2. The average

Table 1 Chemical composition of 100Cr6 steel [wg.%]

C Si Mn P S Cr Ni Fe

1.05 0.35 0.45 0.0029 0.0033 1.55 0.182 All

Fig. 1 Dimensions of experimental sample (left). Real viewof sample, disc and tribology pair—ball
(right)
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Fig. 2 Microstructure of
100Cr6 steel after heat
treatment (etched with 3%
Nital)

Table 2 Vickers hardness measurement after heat treatment

No. of samples No. of measurements Average hardness

1 2 3 4

1 900 896 899 902 899

2 892 897 899 901 897

samples hardness is 898 HV. The nitriding of samples was carried out in a hermetic
working chamber in which heating, control and regulation of temperature, pressure
and degree of ammonia dissociation were ensured. The degree of dissociation of
ammonia was 40% at nitriding temperature of 520–540 °C. Nitriding temperature
was determined based on hardness and thickness of the nitride layer. After the nitride
layer was formed on heat-treated bearing steel 100Cr6, microhardness was again
measured. The results of microhardness measurements of samples after the chemical
heat treatment (nitriding) are shown in Table 3.

Figure 3 shows themacrostructure of nitride layer in cross section. On the surface,
there is a thin continuous layer ε-phase; in direction into material, there is a diffusion

Table 3 Vickers hardness measurement after chemical heat treatment (nitriding)

No. of samples No. of measurements

1 2 3 4 5

1 725 706 690 655 590

2 720 699 685 660 603

6 7 8 9 10

1 542 471 460 395 398

2 549 474 439 410 395
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Fig. 3 Cross section of
100Cr6 sample with depth of
the nitride layer (etched with
3% Nital)

area. This area consists of γ - and α-phase nitrides. The depth of nitriding layer was
measured. The measured values of nitride layer thickness are shown in Fig. 3.

3 Tribological System

From the point of tribology, a real tribological system is explored on a tribological
model, which shows a mutual similarity to a real or an ideal friction ball, which
enables this mutual description. A rotary microtribometer T–01 M is used for the
evaluation of tribological properties [7].

Tribological test is based on the ball-on-disc method, which is a standard method
of testing the tribological properties ofmaterials. Themain part of the rotarymicrotri-
bometer is a tribological pair consisting of a ball (fixed at the end of the roller) and
a sample that has the shape of a circular disc. The ball is made of standard 100Cr6
bearing steel with a diameter of d = 6 mm. The hardness of ball is 750 HV. The ball
motion was uniform and rotational, and the velocity was v = 0.8 m s−1. Principle of
test is that load acts on the ball and at the same time on the face of sample on which
nitride layer was applied. Normal load consisted of a set of weights which create
the normal force FN for load values FN = 4.9 and FN = 14.7. The friction force
FT was determined by tensometric measurement of the disc position. Length of test
lasted t = 5000 s. Friction coefficient values were determined using the software
from known FT and FN values.
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Fig. 4 Position of
microhardness HV 0.1 in the
cross section of the sample

4 Results and Discussion

4.1 Hardness Measurement Results

Results of measuring hardness of samples after heat treatment are given in Table 2.
One of the most important monitored special parameters of nitride components is
depth of the nitride layer. The conventional method used to verify the depth of nitride
layer is to measure the microhardness of cross sections of nitride components. This
method is performed according to DIN 50 190.

Results of substrate hardness evaluation after nitriding are given in Table 3.
Figure 4 shows the position of imprints in the cross section of sample from surface
to the core of sample.

As can be seen from Fig. 5, microhardness of the nitrided sample (bottom curve)
recorded a downward trend from the surface to the core. Figure 5 also shows micro-
hardness behaviour of the sample after heat treatment (upper curve). This curve has
a constant straight line resulting from the homogeneity of the material after cross
section.

4.2 Evaluation Coefficient of Friction and Wear

In the experiment, the course of friction coefficient values of pairs steel–steel
and steel–FeN layer versus time (v = 0.8 m s−1) was monitored. The specimens
were cleaned by ethanol before test. The variations of the friction coefficients
from test beginning to the finish are presented in Table 4, graphically illustrated
in Figs. 6 and 7.

Course of friction coefficients in various (a) loading 4.9 N and (b) loading 14.7 N.
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Fig. 5 Behaviour of microhardness HV 0.1 from the surface to the core of sample (µm)

Table 4 Results of measurement and evaluation of material pairs

Material tribological pairs Steel–steel Steel–FeN

Load FN (N) 4.9 14.7 4.9 14.7

Coefficient of friction (–) 0.85 0.75 0.7 0.7

Ball wear diameter D (mm) 1.32 2.22 1.18 1.99

Ball wear area A1 (mm2) 1.37 3.87 1.09 3.09

Calculated pressure value p (MPa) 3.6 3.8 4.5 4.76

Fig. 6 Course of friction coefficients in loading 4.9 N
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Fig. 7 Course of friction coefficients in loading 14.7 N

Fig. 8 Wear on the quenching steel ball surface in contact with the steel, left: load FN = 4.9 N, D
= φ 1.32 mm, right: load FN = 14.7 N, D = φ 2.22 mm

Figures 8 and 9 show wear area on the ball after the tribological test. It was found
that the friction coefficient of the friction pair steel–FeN layer is less than that of
the steel–steel pair by comparison at every load values. Wear diameter as well as
the wear area of quenching steel ball was greater at the steel–steel contact than the
contact surface steel–FeN layer at all three load values.

The size of the wear surface A1 on the ball (in mm2) is characterized by the
intensity ofwear on its surface. For the individual samples, the contact pressure values
p (MPa) are given in Table 4. Contact pressure values were calculated according to
p = FN/A1.

Figures 10 and 11 show microscopic pictures of a tribological trace on the spec-
imen’s surface. Figure 10 shows the surface traces of the quenching bearing steel
100Cr6, and Fig. 11 shows traces on quenching bearing steel with a nitrided layer.
It is evident from visual observation that on tribological specimens, there is more
marked wear on the quenching steel 100Cr6 surface than on the nitride layer.
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Fig. 9 Wear on the quenching steel ball surface in contact with the FeN layer, left: load FN =
4.9 N, D = φ 1.18 mm, right: load FN = 14.7 N, D = φ 1.99 mm

Fig. 10 Tribological trace
on the surface of quenching
bearing steel 100Cr6

Fig. 11 Tribological trace
on the surface of quenching
bearing steel with nitriding
layer
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5 Conclusion

From the achieved results, the conclusion is the following:

• The average value of friction coefficient for the material pair of steel–FeN layer
is lower than for steel–steel pair at every load.

• The friction pair wears is smaller for a pair of steel–FeN layer than for a pair of
steel–steel.

• Nitriding of 100Cr6 hardened bearing steel causes a significant reduction in hard-
ness, although the FeN layer in contact with steel achieves better friction properties
than steel–steel.

Acknowledgements This article was created as a part of project KEGA with number 031 ŽU-
4/2016.
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Experimental Verification of Tribological
Properties of Thin Coatings for Artificial
Human Joints

Marián Dzimko, Matúš Kovaliček, Eva Gajdošová and Yoshinori Takeichi

Abstract Qualitative determination of tribological properties of thin coatings, with
the aim to test them for possible modification of friction in tribological for artificial
human joints system, was done. Experiments were done at common conditions of
laboratory environment and temperatures. Attention was paid to tribological charac-
teristics of coated materials suitable for implants of human joints. Unique test appa-
ratus and advanced measurement techniques AFM for experimental procedures were
involved. The plane samples for experiments consist of three types of microstruc-
tures of steel 100Cr6obtained after heat treatment. Sampleswithmartensitic, bainitic,
and sorbitic structure were coated with a hard and wear resistance WC/C coating.
The coatings were deposited to functional surfaces of all plane samples. Magnetron
sputtering method was used. As second friction body, a standard ball made of steel
100Cr6 was chosen. Received results extend the existing knowledge of tribology
of thin layers. The friction processes in systems with high contact loads and the
surface topography, using AFM microscope, were evaluated. The minimum friction
coefficient values reached the level of 0.1–0.15; those are approximately 10 times
higher as these for natural human joints. The lowest value of coefficient of friction
was reached for WC/C coated samples with bainitic structure of the substrate.

Keywords Thin coatings · Nanoindentation · Hertzian contact · Coefficient of
friction

1 Introduction

Tribological processes represent primary material interactions of frictional bodies.
These interactions run over in space and time. The contact of individual bodies of
the tribological system is a fundamental sign of its behavior. The interactions can be
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of material, physical, chemical, or energetically origin. This also applies and is valid
for biotribological systems. Modern practice has discovered and acknowledged the
fact that it is the real surface that is the most important part of technical elements and
systems to provide useful tribotechnical functions [1]. The use of surface treatments,
layers, and coatings allows the development of new technology and technological
constructions where the desired properties of the contact pair are modified at a very
particular location and in a specified quantity and quality [1]. Thin coatings can
be imagined as layers with a thickness of same of nanometers to micrometers. The
layers are applied to the base bulk material (substrate), which defines the geometric
shape, volume, and its subsequent use. The coating prepared on the surface of the
substrate is limited by two distances very close to each other, while the interface with
the external environment can be called the surface [2, 3].

The paper presents an extension of existing knowledge in the field of tribology
of thin friction layers. It deals with systems with varying contact loads and uses
experimental testing of WC/C-based coating on hard stainless steel substrate.

2 Experiment

2.1 Sample Preparation

The tested pair was composed of coated steel plate and an uncoated steel ball. This
corresponds to the form pair “ball on plate” and to the material model “hard-hard.”
The WC/C-based coatings are commercially available. Tungsten carbide (WC) is
a very interesting material of industrial use in the form of hard-wearing, thanks to
excellent mechanical and tribological properties. The carbon is found in the WC/C
coatings of a-C [4, 5] and DLC [4]. Its anti-wear properties and biocompatibility
have led to an idea for testing its frictional behavior for hip joints.

The flat specimens with martensitic, bainitic, and sorbitic microstructure used in
thiswork aremade of 100Cr6 stainless steel with dimensions of 25× 80× 5mm.The
sample surface before coating was prepared metallographically with three different
heat treatment methods and grinding after hardening and tempering. Attention has
been paid to its cleanliness, microgeometry, and actual hardness.

Nanometric WC/C coatings were deposited by magnetron sputtering method to
functional surfaces of all flat samples. The sample was chemically cleaned before to
be placed into deposition chamber and the surface of the sample was ionic purified.

Deposition process was divided into two steps:

1. Thin layer of chromium was deposited to obtain improved adhesion properties.
2. On already deposited Cr layer, the thin WC/C layer was deposited with the

thickness of 0.5 µm.

Microstructures of samples before and after coating for martensitic structures (see
Fig. 1) and bainitic structures (see Fig. 2).
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Fig. 1 Microstructures after heat treatment and after coating with visible Cr layer, martensitic 781

Fig. 2 Microstructures after heat treatment and after coating with visible Cr layer of bainitic 780

The ball specimen are standard ball, made of stainless steel 100Cr6 with the
diameter d = 4 mm. The ball hardness was measured at 65 HRC.

2.2 Friction Equipment a Test Conditions

The friction test was conducted with the “ball on flat” microtribometer with a sliding
bracket in which the plate and ball specimens were mounted (see Fig. 3).

The applied load was variable from 1 to 10 N in defined steps and this gives the
maximal contact pressures of pmax = 0.86 to 1.85GPa. The environmental conditions
were the same for all the types of tested tribological pair.

The horizontal speed of a moving ball on the flat sample respected the sinusoidal
curve course within the v= 0–20mm s−1. The length of the frictions waywas limited
by time (t = 6 000 s).

The value of a friction force in contact is determined by tensometricmeasurement.
The values of friction coefficient are calculated from measured and known values of
FT and FN.
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Fig. 3 Microtribometer, flat specimens and specimen mounted in holder

The result of experiment was recorded as the change of the coefficient of friction
over time.

3 Results

3.1 Friction Behavior

The vertical axis shows the value of the coefficient of friction of all six samples with
WC/C coatings on martensitic, sorbitic, and bainitic substrate and the horizontal axis
represents running time (see Fig. 4).

Initial value of the coefficient of friction for all samples with was over 0.3 with a
maximum of 0.45 for martensite 781. Other samples (bainitic and sorbitic) reached
initial values from0.31 to 0.38. Three different fields of friction tendencies depending
on running time have been noted. In the first field, up to 1500 s, the value of the
coefficient of friction for all tested samples shows rapidly decreasing tendency. The
second field in between 1500 and 3000 s shows slightly increase in the coefficient
of friction. For the third field after 3000 s is characteristic low and almost constant
value of friction coefficient. The lowest value of the coefficient of friction 0.113
was reached by the sample with bainitic structure 781 at the end of the experiments.
Also, martensitic and sorbitic structures reached only slightly higher value of the
coefficient of friction. Detailed behavior of the coefficient of friction can be seen in
magnification part in Fig. 4.

3.2 Surface Observations

Topography of WC/C coating type 780 and 781 on plate samples Coating topog-
raphy was evaluated on the Solver Next AFM microscope. For both samples, the
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Fig. 4 Coefficient of friction for different heat treated 100Cr6 substrates with deposited WC/C
layer

same coating surface topography scanning parameters were used. Surface rasteri-
zation occurred in semi-contact mode using the NSG 10 tip. Scanning speed was
set to 0.4 Hz and the evaluated scan area was 5 µm × 5 µm. After the surface was
scanned, images were displayed showing the actual surface of the samples in 2D and
3D views along with the surface profile with its parameters at the selected location
on the sample.

The type 780 coated samples’ surface showed low roughness parameter values.
The mean arithmetic deviation was Ra = 3.417 nm and the maximum profile height
Rt was 27.358 nm (see Fig. 5).

The type 781 coated samples surface exhibited low roughness parameter val-
ues similar to the previous type 780 coating. The mean arithmetic deviation Ra =
4.748 nmwas with slightly higher and the maximum Rt profile was also been greater
measured 36.568 nm (see Fig. 6). Both surfaces, i.e., 780 and 781 may be consider
as smooth one.

Topography and roughness of 100Cr6 ball samples were not measured. Instead
of an AFM observation, an optical microscope was used. Typical picture of worn
surface is shown in Fig. 7. It is to remark that wear evaluation was not made however
it must be noticed that only the surfaces of ball samples showed significant traces of
wear. The size of the worn diameter was compared with those of calculated using
Hertzian theory.

The Hertzian theory about the contact of solid elastic bodies is used for solving
of tasks connected with the tension conditions in the field of contact points of elastic
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Fig. 5 2D and 3D sample surface after coating with WC/C-780 coating

Fig. 6 2D and 3D sample surface after coating with WC/C-781 coating

Fig. 7 Photographs of worn contact area on 100Cr6 steel ball
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bodies. This is sufficient for setting rules for calculating of a contact tension and a
mutual approaching of the bodies [6–8].

For the Hertzian contacts, resulting from applied normal load FN are the values
of maximal pressure pmax, and parameters of a semi-contact width r determined by
the formulas:

Pmax = 3FN

2πr2
(1)

r = (
2R′δ

) 1
2 (2)

where the ball with the radius R1 = 2 mm and the plane with the R2 = ∞ are used.

4 Conclusions

The friction properties of two kinds of WC/C coatings on steel with martensitic,
sorbitic, and bainitic microstructures were studied under the common laboratory
conditions. Received results extend the existing knowledge of tribology of thin layers.

Both types 780 and 781 of WC/C showed lower friction coefficient with increas-
ing tested time. In an unlubricated contact, the final values of friction were around
0.115. This indicates that after the “running in” period, the deformation part of coef-
ficient of friction became low, as the part of steel ball was already worn and the
real contact pressure became lower. On the other hand, all coated surface remained
nearly unworn as reported in [9, 10]. Slightly lower values of coefficient of friction
compared to those of [9, 10] may result from different hardness of ball specimen.
The friction processes were evaluated in the systems with high contact loads and
the surface topography by using AFM. All of the results indicated WC/C coating
on hard substrates, regarding the level of friction (with lower importance of their
microstructure) has a potential for the applications of the artificial joints from the
understanding of wear resistance. Further investigation regarding biocompatibility
and possible simulation of hip prosthesis needs to be conducted. This suggestion is
also supported by [11]. Considering the fact that the values of coefficient of friction
in unlubricated contacts were up to 10 higher than those in the human joints may
lead to continue the tests with the synovial fluids.
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Modular 3D Printer Concept

Róbert Kohár, Marián Stopka, Peter Weis, Peter Spišák and Ján Šteininger

Abstract The current situation on a field of 3D print does not allow significant
changes in the printer’s construction. Usually, printer is equipped with definitive
construction without ability to change parts. 3D printer’s build area is often a limiting
factor, so there is a potential need for changing print area dimensions. The goal of
this project is the design of modular construction of a 3D printer. In the future, that
would mean, that after purchase and after query for increasing build area, it would
be necessary just to connect another unified block. All the changes could allow
rapid modification of the printer’s properties without increasing cost or rebuilding
construction. As a result, it was able to develop a construction that is able to expand
the build area at one axis. It is able to expand the build area with almost no limit in
one direction. Expanding dimensions for more than one axis is a goal for the next
research.

Keywords Modularity · 3D print · Engineering

1 Introduction

Modern technologies play a very important role in the engineering and manufac-
turing process. Undoubtedly, 3D print is such a technology. Most manufacturers
are focused on production of prototypes, design parts, and medical implants. Small
dimensions and high accuracy requirements characterize all these items. This leads
to the construction of single-purpose devices, which are not capable of fast printing
without need for precision. That fact shows us new market opportunities that are
on a field of big-dimensional printing. There are several printers on the market for
printing large products, of course, but they are often ‘demonstration only’ devices.
The problem with such large printers is big usage of space. The customer often pur-
chases a printer that is larger than the really needed to satisfy the potential need for
large-scale printing. As a result, space is not used efficiently and causes increased
costs. Based on the above, this study was done to design a 3D printer’s construction
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that can change its dimensions according to the actual need. The goal was to make
the dimensions change simple, fast, cheap, and reversible.

2 Methods and Materials

The first step in the engineering process is the selection of print material. It is impor-
tant that the material is affordable and inexpensive. It is necessary to avoid com-
plicated processing of material. Therefore, the use of materials such as metals and
ceramics, which require the use of a laser and a protective atmosphere, are excluded
[1]. Their use places great requirements on the sealing of the workspace (often called
build area) as well as the more complicated construction. This could cause problems
during engineering a modular system. At this moment, we are able to say that the
use of plastic is suitable [2].

Plastic processing does not impose any special requirements forworkspace sealing
or protective atmosphere. In principle, it is just needed tomelt thematerial and ensure
its application to the required place. From this viewpoint, it is clever to use fused
deposition modeling (FDM) or fused granular fabrication (FGF) method [3].

The FDMmethod (also known as FFF—fused filament fabrication) is a 3D print-
ing process that uses a continuous filament (a) of a thermoplastic material. This is
fed from a coil through a moving, heated printer extruder head (b). Molten material
is forced out of the print head’s nozzle and is deposited on the growing workpiece
(c). The head is moved, under computer control, to define the printed shape. Usually,
the head moves in layers, moving in two dimensions to deposit one horizontal plane
at a time, before moving slightly upwards (e) to begin a new slice. Figure 1 shows
also workspace (f) and supports (d).

Fused Granular Fabrication (FGF) is an additive 3D printing method in which the
3D model is printed by layer. FGF works by melting granular plastics and feeding
the resulting mass at a constant speed through a nozzle onto a platform. By changing
the nozzle, more or less plastic can be outputted at a time resulting in higher print
speeds or finer details. For each layer printed, the printing platform is lowered (or
printhead lifted), allowing for the next layer of the model to be added [6].

Figure 2 shows main parts of the printing system. The granulated material is
placed in a reservoir (1) and gravitationally fed into the extruder (3). The screw (2)
pushes material downwards into the heated part. Material is molten here and flows
through nozzle (4). Molten material is placed on the desired place to be cooled.
Cooled material becomes solid and creates final product. The product (6) is placed
on the workspace (5).

Overall, it is possible to say that these methods are equivalent and differ only
in the way how material is fed. Since the FGF method uses a granular material, its
transport is practically uninterrupted. This leads to shorter downtime and simplified
operation. According to the mentioned advantages, the FGF method was selected as
a starting method for the engineering process [7].
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Fig. 1 FDM (FFF) method
principle [4]. Legend:
a—continuous filament,
b—printer extruder, head,
c—workpiece, d—supports,
e—upwards, f—workspace

Fig. 2 FGF method
principle [5]. Legend
1—reservoir, 2—screw,
3—extruder, 4—nozzle,
5—workplace, 6—product
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3 Results

The base build area should have dimensions of 2 × 2 meters to a height of 1 m.
According to these relatively large dimensions, it is desirable that the construction
will be made of steel beams welded together. Welding technology does not allow
detachable connections, so it is necessary to remember the modularity of the solution
when designing the structure. Changing printer dimensions needs to be resolved by
replacing or adding a whole part of the device [8]. The constructions change is
expensive and takes a long time, so it is needed to avoid it. After defining these
conditions, the engineering process was started. This resulted in a design of base
structure is shown in Fig. 3.

The device consists of a base frame on which linear guides are placed. These
guides allow movement of portal in the X-axis direction. There are linear guides on
the portal in the Y-axis direction; those allow Y-axis movement of a mounting plate.
Support is mounted on the mounting plate. The support allows the extruder to be
fixed and it is able to move in Z-axis. The extruder is a container in which the plastic
granulate is placed. The screw moves the granulate into the heating section where
it melts. The molten material is pushed through the nozzle into the required space
[10].

A unified extension unit (see Fig. 4) can be used if workspace expansion is needed.
This unit is structurally identical to the base frame of 3D printer. It is designed to
be able to adjust the frame position using adjusting feet independent to the position
of the table. This allows it possible to adjust the plane of the workspace precisely.
The extension unit is connected with screw connections after setting a level of the
workspace. The portal can be moved from one frame to another on the linear guides
then. The only change that needs to be made when expanding the print area is the

Fig. 3 3D printer’s
construction overview [9].
Legend: 1—Y-axis energy
chain, 2—Z-axis energy
chain, 3—extruder support,
4—extruder/printer head,
5—X-axis energy chain,
6—portal, 7—workspace,
8—X-axis toothed belt,
9—unified base frame



Modular 3D Printer Concept 487

Fig. 4 Unified extension unit equipped by linear guides [9]

use of a longer toothed belt. The servomotor provides movement of each axis. The
computer controls all of the servomotors. Energy chains, to transfer energy, realize
flexible connection of moving parts.

By adding, one extension unit will result in a workspace with dimensions
of 2 × 4 meters. The cable (and also energy chain) length for the X-axis is suffi-
cient for use in the basic configuration (2 × 2 meters) even in the extended (2 × 4
meters). If necessary, the area can be further expanded by adding additional unified
blocks. In this case, it is necessary to change the length of the cables and also the
toothed belt (as mentioned before). Such a solution makes it possible to extend the
workspace almost unlimited (Fig. 5).

Fig. 5 Extended workspace to 2 × 4 m configuration [9]
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4 Conclusion

The goal of this project was design of a 3D printer whose dimensions could be
changed as needed. The printer is focused on the fast printing of large-sized objects
without a requirement for high accuracy. The printing technology was determined at
the beginning and the entire engineering process was then based on it. The proposed
solution uses a unified extension unit, which is also the basic framework of the whole
device. Using this unit, the basic workspace size 2 × 2 m can be extended in the
direction of one axis to almost unlimited length (2× 4 m, 2× 6 m…). The use of a
unified extension unit requires absolutely no change in construction. In the case of 2
× 4 extensions, it is needed to use a longer toothed belt, in case of bigger extension;
the longer cable lengths are needed for the X-axis. Extending the workspace in Y and
Z direction requires huge constructional changes and is not possible at this time.
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Optimizing Setting of Open Source Fused
Deposition Modeling 3D Printer

Silvester Poljak, Ronald Bašt’ovanský and Pavol Podhora

Abstract This chapter discusses the mechanical properties of samples made using
3D printing using Fused Deposition Modeling. At present, there is a great popularity
of cheapRepRap 3Dprinters. One of these printers is Prusa i3 printers. The advantage
of this printer is its low purchase price and low cost of ownership. This 3D printer
allows infinitely many options for setting up 3D printing itself. The chapter describes
Fused DepositionModeling (FDM) printing technology, the use of materials, and the
effect of setting uppadding for printed items.Theproduct ismainly aimed at adjusting
the hexagonal charge of the measured samples and then evaluating the strength of
these samples. It is known that a hexagonal structure called a honeycomb is the
basis for lightweight cores. For usage of this hexagonal structure in conventional
application, it is needed to know properties of material with different dimension.
Measured values of material properties are evaluated at the end of this chapter.

Keywords 3D printer · Infill · Hexagonal structure

1 Introduction

Nowadays, rapid prototyping technology is experiencing a lot of booming and it
is proportionally related to the increasing in materials usable of this technology.
Although it exists amount of usable materials, from metals and concrete to bio-
compatible materials, the most widely used are due to their versatility and price of
plastics.

This chapter will describe some of the most commonly used materials for indi-
vidual forms of production by rapid prototyping, in particular the SLS technologies.
The mechanical properties of the samples in different directions of the individual
samples will be examined. A brief description of the course of the material tests
to be carried out in the practical part will be followed. From the data obtained, the
material characteristics are calculated and compared with the values reported by the
manufacturer in the material sheet. The results will be analyzed and the reasons for
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possible deviations between measured and reported values will be determined. The
most commonmaterials used in 3D printing today include plastics, metals, ceramics,
paper, biomaterials, or even food. Each material is uniquely used and is therefore
becoming an increasingly frequent combination of multiple materials to guarantee
the best mechanical properties of the manufactured part. The most used material,
however, is still plastic and mainly due to a wide range of usable types. Each type
is characterized by different strength, flexibility, surface finish, or color. Please note
that the first paragraph of a section or subsection is not indented. The first paragraphs
that follow a table, figure, equation, etc. do not have an indent, either. The drawbacks
of printing using this technology are that the parts have different strengths in each
direction of printing. This is due to the 3D printing technology itself.

1.1 FDM 3D Printing Technology

FDM technology allows the construction of three-dimensional models directly from
3D CAD software. The technology works on the principle of applying the molten
material layer-by-layer using a heat-controlled nozzle. Applying this procedure
enables functional testing of prototypes, production of high-quality parts and precise
shapes. The advantage of FDM technology is therefore high accuracy, functionality,
assembly of prototypes fromproductionmaterials, durability and service life of parts.
FDM technology pushes the model by applying thin layers of molten fiber material.
This creates a rigid structure with a laminated surface suitable for models with the
use of functional testing, presentation as master models for mold making or directly
for the production of final parts. The application of molten plastic (PLA, ABS) or
metal wire is deposited in individual layers, the thickness of the individual layers
being usually 0.25 mm. The most widely available and most affordable technology
we often encounter when presenting prototypes and product samples. The printer
produces solid and shape-like models. FDM, or FFF, is the most common and best-
known technology for 3D printing. The FDM abbreviation is a registered trademark
of Stratasys, so FFF is often used for virtually identical product and prototype pro-
duction processes. The basic principle of FDM/FFF technology is the extrusion of
thermoplastic material by individual layers. This method is similar like process when
themolten adhesivematerial is extruded through the nozzle of hot glue gun. The head
of the 3D printer is supplied with thermoplastic material (most often in the form of a
string) which is heated to a partially liquid state. The head then extrudes and applies
the material in thin layers. As a result of the layering of the solidified material on
the previous layer, it is a plastic 3D model. The FDM/FFF process requires the use
of support structures for most geometry models (it can not be printed in the air). In
general, this means the use of second, water-soluble material that allows relatively
easy removal of the support structures once the printing is complete. The advantage
of FDM/FFF technology is its affordability and the huge amount of materials that
can be used to make 3D models. FDM technology utilizes primary ABS plastics
with 40% higher strength than conventional ABS casing, external stability, and high
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Fig. 1 Fused deposition modeling, 3D printing technology [1]

impact resistance. This material has the necessary features to produce components
for final use, functional testing, and presentation with the possibility of using as mas-
ter models for mold making. At present, biodegradable plastics such as PLA plastics
have also been used. PLA plastic is a durable plastic thermoplastic with excellent
properties, designed for fast and inexpensive prototyping or finished products. It
has a fine structure of material layering. It is not suitable for complex models with
complex structure and fine details. PLA is a plastic based on a natural starch base
(Fig. 1).

1.2 RepRap Community and Prusa Mendel Printer

RepRap is an international community-based 3D printer project based on open hard-
ware. RepRap is composed mostly of many plastic parts that can be printed on
another RepRap. The name itself RepRap stands for replicating rapid prototyper,
which means it, is capable of self-replication and rapid prototyping. All documen-
tation needed to build hardware and run RepRap, including firmware and control
software, is released under the GNU General Public License under which a range
of free software is also released. With total openness and affordability, RepRap has
become a very popular project by the worldwide DIY/Community Maker. RepRap
consists of a number of components. Besides plastic, whichmake up the vastmajority
of the structure, it contains metal rods, screws, stepper motors, bearings, belts, heated
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glass plate, and jet print head. Step motors are controlled by a Sanguinolol single-
board computer. Sanguinolol is the Arduino clone, which is just like RepRap’s open
hardware. Compared to Arduino, Sanguinolol includes a more powerful microcon-
troller and electronics for stepper motor control. There are currently four “official”
versions of RepRap with the complete manual available and a list of parts needed to
build your RepRap. In addition to the official versions, there are many variants on
them. Prusa Mendel is based on Original Mendel. Thanks to a simpler building pro-
cess, it is currently the most widespread modification of RepRap between builders.
This is a full-size RepRap that attempts to use cheap and commonly available mate-
rials. Currently, there is a third iteration of Prusa Mendel. You can use any CAD or
3D scanner program to create a 3D object model that can be printed on RepRap. The
only condition is to support the STL format for storing the resulting model. You can
use the FreeCAD or Blender 3D modeling software to create a new model or convert
to STL. Models can also be downloaded from the Internet. The most well-known
storage site is Thing verse containing models designed specifically for 3D printing
and GrabCAD. In addition to manual modeling in CAD, models can be programmed
using the CSG solid geometry in OpenSCAD. CSG allows absolute control over the
shape of the object and is therefore suitable for precise modeling of parts. The STL
format must be trimmed onto individual print layers before printing and calculate the
print head movement including the amount of extruded plastic. This is called slicing
from English slice. The calculation may take several hours depending on the size
and complexity of the model, the performance of the computer processor, and the
specific implementation of the slicer. The result is a G-code format file for printing
on a specific 3D printer.

1.3 3D Printing Materials Used in FDM Technology

Each print material has general features.
ABS—it is a polymer made from oil, which can be designed with different prop-

erties. Generally, however, it is a rigid and slightly flexible plastic having a relatively
high melting point. Due to its good mechanical properties, it has a wide use, espe-
cially for mechanically stressed components. ABS natural (without dye) has a milky
white dye but is also available in different shades. Easily dissolves in acetone, which
can also serve as an adhesive for bonding parts or for surface treatment and polishing
of the model.

PLA—a natural polymer made from corn, potatoes, or sugar beet. This makes it
more environmentally friendly than ABS, even if it does not degrade immediately
in your flowerpot or garden. PLA natural naturally releases light but transparent is
certainly not. Adding a color creates a wide range of shades. It has worse mechanical
properties than ABS, such as worse flexure and lower melting point. For example, a
day in a well-heated car can cause a change in shape. Finished models have a nice
glossy finish.
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Both plasticsmust be stored in a dry place. Their quality decreases, the longer they
are exposed to the environment. Their main disadvantage is that they are able to suck
moisture out of the environment, which in turn significantly exacerbates the printing
process and reduces the quality of the prints. Absorption of moisture is not very
sensitive and almost negligible compared to PLA. For drying, you can simply use a
hairdryer or hot air oven. PLA—the moist material tends to produce vapor during the
printing at the end of the nozzle of the bubble, which is released by heating from the
material. This greatly reduces the accuracy, quality, and strength of the model. When
dry, similarly to ABS, it is well served with a hairdryer or oven. Care must be taken,
however, that the temperature is not too high and that thematerial does not deform. In
addition to bubbles and precision problems, color fading may also occur. ABS—the
biggest disadvantage is that during cooling, the plastic shrinks and changes shape,
which is most noticeable especially in larger models. Part of this can be avoided by
slow cooling. It is necessary for the model to remain on the hot tray of the printer
as long as it is well bonded. Another problem that follows the previous one is the
adhesion of the first layer to the mat. This can be ensured by heating the washer to a
minimum of 90 °C and forming a thin ABS layer on the pad with a solution that is
formed by dissolving the ABS in acetone. (Moreover, we will not forget about this
fact.)

PLA—compared to ABS, it exhibits much less deformation, which makes it pos-
sible to print more accurate models. Adhesion of the material is also somewhat better
but we do not recommend printing without a heated pad, if possible. Sometimes it is
enough to spray a layer of hair (very strong) on the mat. One disadvantage, however,
is that the material is molten more fluid, which can cause the model to run off when
applying layers quickly and inadequate cooling. ABS plastic is a strength and flexible
plastic with a high melting point and can be used in a wide range of applications,
especially at higher mechanical stresses. Vapors frommolten plastic may be unpleas-
ant and deterrent to someone. Its disadvantage is a change of shape when cooling and
a worse grip. PLA—a wide range of colors and translucency will appeal to people
who prefer interesting toys or household accessories. Also, the natural base and the
more acceptable odor of the user get to their side. If it is cool, it is possible to achieve
nice sharp edges, lower layer height and higher printing speed. The disadvantage is
the worse mechanical properties and the lower melting point.

2 Method for Testing

The tensile test is a basic test of themechanical properties of thematerials [3]. Testing
is performed on standardized specimens clamped in jaws of the tearingmachine, with
the axis of the specimen being aligned with the force axis. A growing force develops
on the sample until it breaks down. During the test, the instrument measures the
load force and the relative elongation of the rod. By evaluating, the measured data
we determine for the material to be tested the slope, the tensile strength, the relative
elongation, and the constriction. Test results are used to select the appropriatematerial
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for the required application, quality control, and prediction ofmaterial behavior under
load. For extruded plastic samples, the test is performed according to STN EN ISO
527-1: Plastics. Determination of tensile properties. Part 1: General principles (ISO
527-1: 2012) and STN EN ISO 527-2: Plastics. Determination of tensile properties
and Part 2: Test conditions for pressed and extruded plastics (ISO 527-2: 2012).

2.1 Test Specimen for Tensile Strength Testing

The test sample has themost frequent cross-section of square, rectangular, or circular
shape. The shape of the samples is defined by the standard due to easily clamped to
the jaw of the test equipment. The shape of themeasured sample can be seen in Figs. 2
and 4. There is a calibration part of smaller cross-section that ensures initialization
of the crack. Test rods are produced in long or short designs [3].

Fig. 2 Fused deposition
modeling, 3D print [2]
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Fig. 3 Test rod with rectangular cross-section

Fig. 4 Deformation curve of thermoplastic materials rectangular cross-section [3]

2.2 Test Evaluation

The main result is the Hook diagram, which shows the dependence of the elonga-
tion of the bar on the voltage generated. From the graph, in addition to the voltage
characteristics, such as the slope Re, the strength limit Rm, the elastic limit Rp, the
deformation characteristics determining the plasticity of the material are deformed.
Thus, it is possible to determine at what load the material occurs in the area of the
elastic deformation, whether it comes into plastic deformation and therefore there is
a breakage of the sample. The deformation curve can be seen in Fig. 3. Criteria for
assessing deformation characteristics are elongation and contraction [3].
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Fig. 5 3D Model of
specimen

2.3 Verification of Material Properties by Means
of Measuring Instrument

The first stepwas tomodel the STDEN ISO527 in the PTCCreo 3CAD standardized
sample for the tensile test. The sample model has been exported to STL, which is
used to work with 3D models in modeling software and 3D printer control. Once
the settings have been made in the software, samples were printed on the Prusa i3
printer (Fig. 5).

The sample model has been exported to STL, which is used to work with 3D
models in modeling software and 3D printer control. Prusa 3D Slic3r software was
used to set different parameters of the tested samples. The percentage of sample filling
was changed on samples using the honeycomb structure (hexagon). Percentage of
structure ranged from 5 to 100%. After performing the settings in the software, the
samples were printed on the Prusa i3 3D printer.P 100 printer. A total of 135 samples
were printed out from the PLA material. Samples were printed for 27 settings and
5 pieces of every setting. Due to such decomposition, it is possible to observe the
influence of the printing direction on the mechanical properties of the sample. The
basic reason for this setting is that we use the different fill settings to influence the
strength of the samples as well as the time to be printed. The more the sample is
filled, the higher the strength, but of course, the longer the print time is. The less
sampled the sample is, the lower the sample strength. The result of these settings is
to find the optimum fill for printed samples. These settings apply to the honeycomb
infill (hexagonal).

Examples of adjusting the different percentage of honeycomb infill (hexagonal)
are shown in Fig. 6.
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Fig. 6 Samples of specimen with different infill (%)

3 Results and Discussion of the Measured Values

Test was performed on 135 samples. Only the total tensile strength of the individ-
ual samples was evaluated. The tension and Young’s modulus of elasticity were not
judged. This is an overall assessment of the samples, the young modulus of elasticity
could be determined only for the filament, which was in our case PLA plastic. For
a better explanation of the readings and determine optimum filler, we use evalua-
tive tensile strength. It is the ratio between the total strength of the sample and the
percentage of the infill. Only the average measured values are listed in the table.
Measured values are in Table 1.

Measured and calculated values are transferred to the graph (see Fig. 5). The
graph shows that the best ratio between strength and percent filling has samples with
7% fillings. It can be stated that increasing the percentage of fillers increases the
strength of the samples, but also increases the time of sample printing and material
consumption (filament). These measurements served as a recommendation for the
workers who operate the printer to determine the percentage of fillers to choose for
their printed model (Fig. 7).

Table 1 Measured and calculated values

Infill of specimen [%] 0 5 6 7 8 9 10

Force F [N] 300 380 530 630 640 670 685

Ratio F/% infill 7600 8833 9000 6500 7400 6850

Infill of specimen [%] 11 12 13 14 15 16 17

Force F [N] 650 702 770 800 840 860 900

Ratio F/% infill 5909 6416 5923 5714 5600 5375 5294

Infill of specimen [%] 18 19 20 25 30 40 50

Force F [N] 915 1020 1010 1223 1550 1970 2285

Ratio F/% infill 5083 5386 5050 4892 5166 4925 4570

Infill of specimen [%] 60 70 80 90 100

Force F [N] 2660 2855 3340 3580 4000

Ratio F/% infill 4433 4078 4175 43,977 4000
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Fig. 7 Graph for explanation of measured values

4 Conclusions

This chapter discusses the suitability of 3D printer settings. This is a cheap 3D printer
called RepRap. The measured samples were printed on the Prusa i3 3D printer. The
Slic3r program from Prusa Printers was used to generate the G-code for the printer.

When choosing a fill pattern, there are several aspects: object strength, time and
material, and personal preferences. It can be deduced that a more complex model
will require more strokes and therefore will take more time and material. Slic3r
offers several fill patterns, four regular, and three special fill shapes. Some types of
models are more suitable for a particular pattern, such as organic or mechanical.
From the point of view of the sample types, the six-angular filler structure was
chosen which best suit this mechanical part because each hexagon is bonded to the
same basic structure of each layer and forms a strong vertical structure. Most models
require only low-density fillers, because more than, for example, 50% will produce
a very tightly packed model that uses more material than needed. For this reason, the
common pattern range is between 5 and 30%, but the model requirements determine
which density is best. The figures show how patterns change with respect to density
increase.

The topic of this chapter was explained the percentage of filler that has the best
properties with respect to the time of printing the samples on the 3D printer and the
printing of thematerial. It can be stated from the chapter that the most suitable setting
for solid objects is 7% of the infill. The disadvantage of using a six-angle shield is
that it is only uniaxial stress. We can only load the object in one direction. FDM
3D push technology has the disadvantage that objects printed using this technology
have low strength, particularly in the z-axis direction, and are concurrently tensile
in tensile strength. The strength of the samples in the direction of the x-axis and
in the y-axis is comparable. This is because the hexagonal structure is symmetrical
about just one axis, not two axes. This effect can be eliminated by setting the fill at
an angle of 45° the samples are modeled in the PTC Creo 3 CAD program. Today,
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manufacturers of cheap 3D printers are working to upgrade their previous versions
of devices, including a new 3D hexagonal fill structure that will allow print models
to be loaded nearly the same way in all directions.
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The Comparison of Selected Strength
Indicators of Manufactured Prototypes
Produced by Metal Additive
Manufacturing (3D Printing) System

Robert Sásik, Ronald Bašt’ovanský, Michal Hoč, Rudolf Madaj
and Peter Spišák

Abstract Laser melting is one of the additive manufacturing methods that uses very
strong ytterbium laser ray for the melting of very fine metallic powders to produce
fully functioning 3D parts. The production process origins in 3D CAD model that
is virtually divided into separate layers (2D curves—25 µm up to 100 µm thin).
Sequential application of individual layers of metallic powder and its laser melting
within the inert atmosphere creates 3D metallic part. We compared selected strength
indicators of samples that were manufactured by the selective laser melting tech-
nology on AM 250 machine. The used material was AlSi10 Mg from two different
suppliers. The comparison was also important in terms of economic efficiency, since
the price difference between the two suppliers was up to 40%. Sample rods were
produced by AM 250–200 W laser machine. Samples were cut after the prescribed
heat treatment by annealing 300 °C ± 10 °C for 2 h with gradual air cooling.

Keywords Selective laser melting · AM 250 · AlSi10 Mg

1 Introduction

TheAM250machine fromRenishaw company belongs to SLM technology of Rapid
Prototyping (renishaw.com). This machine is placed in the Rapid Prototyping Labo-
ratory at the University of Žilina. Laser melting is one of the additive manufacturing
methods that uses very strong ytterbium laser ray for the melting of very finemetallic
powders to produce fully functioning 3D parts. The production process origins in 3D
CAD model that is virtually divided into separate layers (2D curves—25 µm up to
100 µm thin). Sequential application of individual layers of metallic powder and its
laser melting within the inert atmosphere creates 3D metallic part. Argon is the gas
used for creation of the inert atmosphere. The finished part is ready for the surface
post-processing right after the removal from the 3D printer [1, 2].
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Table 1 Technical data of AM 250 machine [1]

DATA AM 250

Max. dimensions of the Produced part 250 × 250 × 300 mm (X, Y, Z)
Z-axis is stretchable up to 360 mm

Production speed 5–20 cm3 per hour

Scan speed Op to 2000 mm/s

Positioning speed (max.) 7000 mm/s

Layer thickness 25–100 µm

Laser ray diameter 70 µm at the surface of the powder

Laser beam power 200 or 400 W

Outer dimensions of the machine 1700 × 800 × 2025 mm (l, w, h)

Total mass Brutto 1225 kg, netto 1100 kg

Power supply 230 V, 1 phase, 16 A

Available materials Stainless steel 316L and 17-4PH, tool steel H13,
aluminum Al–Si–12, titan CP, Ti–6Al–4 V and
Ti–6Al–7Nb, cobalt–chrome alloy (ASTM75),
Inconel 718 a 625

The typical applications of the laser melting technology presented also in [3, 4]
are as follows:

• The manufacturing of the prototype parts suitable for functional tests.
• The manufacturing of implanters and very complicated shapes and parts.
• Single piece and small series production of complex parts from specific materials
(Table 1).

The production and usage of Al–Si–Mg components: AL–Mg–Si alloys are hard-
enable alloys for molding, characterized by lower strength, but with higher corrosion
resistance and higher toughness compared to, e.g., Al–Cu–Mg alloys.

Industrial alloys can be divided into two groups [5]:

1. Alloys with excess of Mg. As a result of the amount of Mg required to form an
appropriate amount of Mg2Si, the corrosion resistance increases, the strength
properties are reduced, and the deformability is reduced compared to the alloys
where the same amount of Mg2Si is present in intermetallic phase, but there is
no excess of Mg in the final alloy

2. Alloys with excess of Si. Because of the Si excess, the strength properties of the
alloys are increased without reducing the forming ability and without deteriora-
tion of the weld ability. The resistance of these alloys to inter-granular corrosion
is reduced in the final part.

Material properties AlSi10 Mg AM 250,200 W 25 micron [1] are as follows:

• Low density (suitable for lightweight components).
• Good specific strength (weight strength).
• Good thermal conductivity.
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• Excellent electrical conductivity.
• It responds well to post-processing adjustments.

AM 250machine allows fast drain out of the air from the working chamber, which
is afterward filled with pure argon gas, which ensures clean environment so we can
use reactive materials, e.g., titan. In this case, the percentage of oxygen in a working
chamber has to be very low. The argon consumption is minimized by the use of
perfectly tight and professionally welded chamber, which in a meanwhile supports
the robustness of the process. It is also possible to treat non-reactive materials in the
atmosphere from nitrogen gas [1].

AM250 uses external cartridge of themetallic powder with flap gate, which allows
refilling of thematerial during the production process. The cartridgewithmaterial can
be removed when it is necessary to clean up the machine or replace with cartridge,
with different materials. The storage cartridges for the material, which drops out
during the production process, are placed aside from the working zone, and they
have their own flap gates. This way it is possible to reuse the material during the
printing process. The manipulation with the powder and the produced part itself is
possible by using protective glows which are placed in the door to the working zone.
The filter protects the user from the emissions that originate from the printing process
[1].

2 Materials and Methods

A tensile test belongs to tests of mechanical properties tests that determine the basis
of themechanical properties used to assess the quality of thematerial, design calcula-
tions, and the general assessment of the suitability of certain technological operation.
The basic mechanical properties of the material are thus determined by the tensile
test.

STN EN ISO 6892-1 governs the static tensile test in the Slovak Republic: 2010
(42,0310), Metallic materials. Tensile test Part 1 Tensile test at ambient temperature
(ISO 6892-1: 2009). The principle of the test shall be the static load of the test
specimen of prescribed shapes and dimensions. The test bar is loaded by pre-defined
velocity and smooth stroke of the traverse. It deforms usually up to the breakage.
The specimen is clamped into the test jaw such that the main axis of sample matches
the axis of the applied force. It is usually tested at ambient temperature in the range
of 10–35 °C.

In order to define the stress and deformation characteristics of the material by the
static tensile test, the sample material needs to be shaped. The shape, dimensions,
and preparation of the test rods are made according to STN EN ISO 6892-1. The test
bars are divided into two categories: short and long. These can have either a square,
retangular, or circular cross section.

We compared the mechanical properties of samples of metallic material delivered
from two different suppliers. The composition of AlSi10 Mg was declared to have
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Fig. 1 We checked the size of samples for the blasting tests. Pre-defined size of sample

similar properties for both material samples. The comparison was also important in
terms of economic efficiency, since the price difference between the two suppliers
was up to 40%. Sample rods were produced by AM 250,200 W laser machine.
Samples were cut after the prescribed heat treatment by annealing 300 °C ± 10 °C
for 2 h with gradual air cooling (Figs. 1 and 2).

A static tensile test was performed on a LaborTech—LabTest 5.20ST device.
The parameter settings for the production of set of samples by laser 3D printer are
following:

• Layer thickness—25 µm
• Laser focus diameter—Laser focal length 0.2 mm
• Laser speed consists of the following partial speed parameters:
• Border speed—defines the average laser speed during bending of marginal
contours of the model 0.50 m/s.

• Support speed—defines the average laser speed during firing 0.50 m/s support
structures.

• Hatch speed—defines the average laser speed while burning the internal volume
of the model 0.50 m/s.

• Idle speed—the speed of laser transfer from one point of burning to another, and
then the laser does not burn 1.08 m/s.

• Recoating time—the time needed to feed the material, its accumulation—the time
needed to prepare the next layer 9.2 s.

• Used Hatch style—Stripes. Layers are divided typically into 10 mm strips. Thus
the residual voltage is reduced.
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Fig. 2 We designed one set of samples from each manufacturer (V_S and V_R). Each set contains
ten pieces of samples

3 Results

Factors affecting the quality of prototypes are as follows:

• Build speed is dependent on alloy properties—and the way laser energy is
absorbed.

• The laser energy can be controlled by modulating the laser exposure time and
distance between exposures.

• Generally, the more power available, the faster the build rate will be.
• Different parameters can be optimized for the skin (volume border) and core
(volume area).

• Sufficient energy must be transferred into the material to achieve the correct melt
characteristics; laser power, beam spot diameter, pulse frequency, and exposure
time will determine the energy available.

• The material properties—such as reflectivity, conductivity, and powder size will
govern energy transfer, and the effect how fast a particular material can be built.

• The geometry of the part will also have an effect on build rate, and as to optimize
the desired properties (good surface finish on the skin, and high density when
filling) different laser exposure times are used.

• Structural defects—micro and macroporosity.
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Table 2 Resulting average values and comparison of the strength limits

The material supplier Max. Force [N] Failure strength Rm = F/A [MPa = N/mm2]

V_R 8461.56 217.00

V_S 9144.93 234.40

The resulting average values and comparison of the strength limits are in Table 2,
and in the static test, diagrams are presented in Figs. 3 and 4.

Fig. 3 Resulting values of the V_R samples

Fig. 4 Resulting values of the V_S samples
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The microstructural analysis was done on sample top in cross and longitudinal
section. Figures 5 and 6 present the typical microstructure of all analyzed samples,
the layers in 25 microns distance approximately, possibility of the porosity, and the
structure called as spot contours.

Fig. 5 Microstructure of AlSi10 Mg, sample top in longitudinal section, layers in distance 25
microns approximately and porosity

Fig. 6 Microstructure of AlSi10 Mg, sample top in cross section, the structure called as spot
contours
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4 Conclusion

Since both indicators of strength constants are similar, it is possible to use the
AlSi10 Mg material from both suppliers. Even though the material supplier under
the V_S label has a 40% better price to streamline prototyping pricing, it has got
even more appropriate material in terms of strength indicators.

Additive production of the metallic prototypes in the field of Rapid Prototyping is
a progressive method that will be used in many areas of industrial production. Every
product, which is produced by this method, is fully functional and individual. The
use of this technology is also very promising in the field of biological implants where
each patient can obtain its individual implant, which can contribute to the better life
of the individual. Automotive industry and customers industry are also interested in
the implementation of this technology into their production process [4].
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Study of EDSM for Additive Technology
in a Smart City

Radek Teply

Abstract Additive technology can cover both manufacturing and user segments.
Common usage in households is only in its early stages and far from overshadows of
industrial use. Additive technology offers economic benefits as well as simplification
of logistics, minimization of inventories, guarantee of time flexibility, availability of
spare and complementary parts, which redefine the lifetime of a common equipment.
Individuality embedded into the production process, where any part produced by
this technology can be customized according to customer’s specifications (within
the certain limits), allows direct influence on the user’s surroundings. Innovative
work that promotes uniquely creative design, as well as standardly shared templates,
chosen materials, and their recycling, brings a range of options, which also entails
certain risks. For the Smart City environment, it is important to secure sustainable
efficiency for contained production systems. Utilizing methodologies such as EDSM
[1] provides powerful tools for such technology management. To properly reflect the
dynamic changes in a modern city, it is necessary to apply the principles of Industry
4.0. By implementing complete life cycle management, it should be possible to
provide a secure future for additive technology as an indispensable part of a Smart
City.

Keywords Additive technology · Industry 4.0 · EDSM

1 Introduction

Additive technology is more and more shifting from the world of design products,
mock-ups, and prototype production into theworld of standard production and every-
day life. Size and possible placement of these devices make this technology a very
flexible tool. They can be placed on a desk in an office or in a production hall. In
health care, it is used in the development of artificial bone, vascular prostheses, or
organs. For cosmonauts, it could repair and create tools, when supply is out of reach.
Thoughts about constructing bases on other planet or spaceships built from stardust
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are mostly theoretical for now. However, the future is in favor of this idea. Nowadays,
companies offer printed sand molds for foundry, printed buildings in the form of a
rough concrete structure, printed food, clothing, including dresses and footwear, as
well as modern jewelry, are all today a reality of additive creation.

2 Principles Used for Additive Technologies

The possibilities of design and principle solutions are quite extensive. Today, additive
technologies commonly include technology known as stereolithographic, laminated
manufacturing, fused deposition modeling, laser sintering, etc. The diversity of this
construction method ranges from manually operated devices for designers and hob-
byists, representing the lowest level of automation, when a person both moves and
regulates the material flow, up to fully automatic machines (Fig. 1).

Therefore, it is important and appropriate to use a methodology, taking into
account the entire life cycle and make it easier to achieve suboptimal solutions in
all stages. Methodology can offer synopsis of current or future options. Currently,
methods of inserting energy into the materials such as electric resistance, laser, and
ultrasound are used. Steppers motors are mainly used as actuators for the movements
of such devices. Various sensors can be selected for calibration and measurement of
dimensions. Sensors for measurement can be contact or contactless. At a higher level
of appliance can be found Laser, Camera, and 3D scanner technology as measuring
equipment. By using measurements, the parameters of the manufactured component
can be corrected during production. Measured data can indicate inconsistencies with
the embedded data and save as from producing the wrong piece. All calibration val-
ues can be edited by the user in real time with the use of IoT technologies without
interference with correction algorithms.

2.1 Print Materials and Surfaces

An advantage is also the variety of materials for which this technology can be used,
e.g., plastics (photopolymers, thermoplastics …), organic materials in the form of
paper mixture, metal powders, and string. With the possibility of full-color printing
as well as printing for finishing, colors must be added.

Therefore, the logistics and management required to run the production facilities
have to guarantee the necessary quantity of rawmaterials in the connected containers.
Today, they are often stored in the form of string, belts, powder, or liquids. At a time
when fuel can be created fromair and long-distance communication canworkwithout
delay, science brings an expectation of efficient recycling technology. Recycling of
plastic, such as PET, is often used in domestic conditions. It can be obtained not only
in granulate form, but also from the waste materials and from previous creations.
Material degradation and transformation processes do not allow a completely closed
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Fig. 1 3D printing tools [2, 3]

loop. However, it shows one of the possible paths that can be taken. Recycling will
move more often into our homes.

2.2 Benefits in Food Efficiency

Consumed food has a large influence on the health of a population. Each point of
“printed” food can be individually baked or frozen. This offers not only the possibility
to choose precise nutritional parameters, but also the consistency and the ratios of
the ingredients. The possibility of printing a dessert for coffee will in future be a part
of everyday life. Essential for this technology is the possibility to offer more efficient
use of resources, significantly reducing the amount of wasted food. Implementations
of these technologies will significantly simplify logistics and distribution. It will also
lower storage capacity requirements (Fig. 2).
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Fig. 2 3D printed food [2]

2.3 Design

Additive technologies allow substantial saving of materials, labor, andmachine time.
They open up new possibilities for creating shapes that would be very difficult or
impossible to manufacture by conventional means. The design that future technol-
ogy can offer will be more limited by the creativity of the creator than the cost of
technology that would be needed to create them by standard means. That in itself
presents many difficulties especially in the area of security. However, with regard to
current software and monitoring technology, there is no reason to assume that such
situations would be common.

3 Implications for Smart City

Production through additive technologies is clearly one of the future components
of Smart City. This technology serves not only for manufacturing machine parts
and components, but also for the production of artworks and for clothing and food.
Industry 4.0 and higher support from the Internet of Things (IoT) are the basic tools
of a Smart City, where information connects technology with users and gives an
overview of the information andmaterial flows. It can take into account storage areas,
material flows, machinery implemented in current production, trends, or the product
life cycle itself [4, 5]. With the advent of modern technology, complex methodology
and lifecycle management will be an absolutely key issue. The component can be
updated and produced according to the database and current situation. Theoretically,
in specific cases, routine operations, including routine repairs and needs, could be
carried out just by using additive technology. Basic repairs prolonging life of product
are part of the way to support ecology as well (Fig. 3).
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Fig. 3 Repairs with 3D printer [3]

4 Solving Methodology Based on EDSM

Reflecting on the needs and requirements of a user is a function of Industry 4.0
[2]. Properties are according to the methodology given by the design of construction
objects [6]. Represent by constructional factors like inputs, outputs, and influences of
the environmentwith the influence of the constructor systemoperator on the construct
process (operands), moral obsolescence the use of knowledge of the transformation
process [7] and EDSM [1]. A prerequisite for the good functioning of a system is
therefore the communication and knowledge of the state of information, before and
after the application of intervention.

The functionality of a system, which represents decentralized domestic produc-
tion, requires a system (methodology) that must allow functionality and reliability
under all foreseeable conditions. This applies for individual dwellings and for a
whole city system as well. In this respect, AEDSM [7] and the concept of the Smart
City are a very important prerequisite for the sustainable future of urban areas. One
of the advantages of these technologies is the potential to greatly reduce the amount
of work. The quality of each product is always determined in accordance with the
requirements of the product [8]. The term “quality” is largely determined by the
point of view from which it is judged. Therefore, the quality can vary considerably
to achieve suboptimal results. Bymeans of methodology, freedom of suitable options
can be granted. Methodology should not allow create potential safety hazard features
in working conditions (like gun parts, explosives, etc.).

5 Example

Constructional design for home-printed appliance focuses mainly on targeted pur-
pose. Not thinking through transformation processes or construction maps. Essential
goal is not created to secure living standards or needs, but put such possibility in
use. In future, however, it will be mainly standard tool with needs of methodology
(Fig. 4).
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Fig. 4 Example of printed parts: toaster, faucets, [3]

6 Conclusion

Additive technology allows reduction of inventory, utility items, and spare parts.
Availability is limited only by production time and the amount of raw material.
Further, additive technology allows considerable simplification of logistics. This
technology is therefore a suitable tool for reducing the burden of Smart City infras-
tructure. The methodology contributes to the efficiency and rationalization of the
deployment of this technology throughout the life cycle. It is already possible to find
companies that are successfully developing individual technologies. In the future,
however, these technologieswill be evenmore important. In order to secure individual
and complex diversity which are instinctively specific for humanity.
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Development of Process Parameters
for SLM Processing of AlSi7Mg
Aluminum Alloy

Josef Zvoníček, Daniel Koutný, Libor Pantělejev and David Paloušek

Abstract The paper presents three steps of process parameters development of alu-
minum alloy AlSi7Mg0.6 for selective laser melting (SLM) additive manufacturing
process. Commonly, the components of AlSi7Mg0.6 aluminum alloy are produced
by casting. However, to speed up the development phase of new products, often the
SLM prototyping is used and thus the processing parameters for this material are
required. To develop process parameters of new alloy, single weld tracks were used
followed by thin walls and cuboid samples. The cross sections and continuity of
single-track welds were evaluated within the range of 200–2000 mm/s laser scan-
ning speed and 175–400 W laser power. The tracks with good size and quality were
chosen for further analysis. To minimize the porosity of material, cuboid samples
with different overlap of weld tracks were evaluated. The overlap of approximately
80% was found to produce suitable samples with porosity below 0.5%. Finally, the
mechanical properties of samples without heat treatment evaluated by tensile testing
reached 380 MPa of ultimate tensile strength (UTS), which is slightly higher than
cast alloy in T6 state.

Keywords Selective laser melting · Aluminum alloy · Porosity · Mechanical
properties

1 Introduction

The selective laser melting is a layer-based technology using metal powder and high
power laser beam to form components according to 3D CAD data. Using layer by
layer fabrication, it is possible to produce components of complex shape with con-
taining internal cavities or filled with lattice structure which can reduce the weight of
the part while maintaining its mechanical properties. This approach has the potential
to overcome conventional production technology.

The investigatedAlSi7Mg0.6 alloy is specifically used for components in the auto-
motive and aerospace industries. Although it is one of the certified alloys for aviation
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and aerospace, there are not many published information about AlSi7Mg alloy pro-
cessing by SLM. The most investigated silumin alloys are AlSi12 and AlSi10 Mg
[1–7].

Kang et al. [4] tested anAlSi12 alloymadebyblending a powder of pure aluminum
and pure silicon. They aimed to compare the strength characteristics of this eutectic
alloy using a powder made from a mix of pure elements and a powder made from an
eutectic alloy. The mixed powder reached a UTS of 273 MPa. Compared to the UTS
when using a 325 MPa eutectic powder, this value is about 16% lower. Compared to
conventionally cast AlSi12 material, whose UTS is 192 MPa, it is about 42% higher.

Prashanth et al. [5] tested the mechanical properties of the eutectic AlSi12 alloy.
The achieved UTS was 380 MPa, which is almost twice as much as that for con-
ventionally cast material. Read et al. [6] examined the strength characteristics of the
AlSi10 Mg alloy. Using own optimal process parameters, they achieved a minimal
porosity of 0.7%. The measured UTS of a horizontal sample was 335 MPa.

Kimura et al. [7] published a paper about the effect of the percentage of silicon
in the Al–Si alloy on the mechanical properties in the tension. The results show that
with the increasing percentage of silicon in the Al–Si alloy, the UTS increases, but
the elongation decreases. These results apply to all tested alloy compositions except
AlSi1 alloy, where cracks appeared in the microstructure and reduce its mechanical
resistance.

In different study, Kimura et al. [8] examined similar alloy, the AlSi7Mg0.3 and
published mechanical properties with a UTS of 400 MPa, a yield strength (YS) of
200 MPa, and a 13% elongation. Rao et al. [9] examined the AlSi7Mg0.6 alloy and
the effect of each process parameter on its relative density. They achieved a relative
density of 99.79% ± 0.43% for the process parameters of laser power (LP) 300 W,
laser speed (LS) 2000 mm/s, 0.1 mm of hatch spacing (HS), and a layer thickness
(LT) of 0.03 mm. The achieved mechanical properties UTS of 426 MPa, a YS of
280 MPa, and a 10% elongation were over performing those reachable by casting.

The effect of scanning strategy on the resulting relative density of samples was
examined by [10–12]. TheAboulkhair et al. [10] achieved the highest relative density
of 99.77% using the pre-sinter scanning strategy. This is a one-way strategy that is
used on a single layer twice, and the laser power is set to half power for the first time.
Thijs et al. [12] used various scanning strategies to produce the AlSi10 Mg alloy.
The highest density of 99.4% was achieved with a bidirectional scanning strategy
where each layer was scanned twice with a 90° rotation.

2 Materials and Methods

The powder material used in this study is AlSi7Mg0.6 (A357 according to the US
AluminumAssociation) which was supplied by SLM Solutions (Lübeck, Germany).
The chemical composition of the alloy according to EN 1706: 2010 is shown in
Table 1 as well as the values measured by supplier. The chemical composition was
verified externally before the experiments using ICP-OES Thermo iCAP 6500-ICP
spectrometer.
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The particle size distribution was measured by Horriba LA-960 analyzer. The
powder has uniform Gaussian distribution, and the particle size ranges from 13 to
152 µm. The most frequent particle size is 42.1 µm, and the mean particle size is
46.3 µm. The powder contains 10% of the particle smaller than 27 µm and 90% are
below 68 µm.

Fabrication of all material samples was carried out on the SLM 280 HL machine
(SLM Solutions, Germany). The machine is equipped with Yb fiber laser (maximum
power 400 W, beam spot diameter 83 µm). All experiments were carried out in a
nitrogen atmosphere with oxygen content below 0.2%. Platform heating was set to
120 °C.

The porosity of samples was analyzed in horizontal planes (perpendicular to build
direction) for chosen samples vertical sections were analyzed as well. Samples were
ground by a metallographic method, and surface images were captured by light
microscope. The porosity evaluation was performed in ImageJ software. The tensile
samples were SLM fabricated as the prisms of 13 × 13 × 75 mm and subsequently
machined according to DIN 50125 with a gage size of ∅8 and 40 mm length. The
tensile test was performed on a Zwick machine with a maximum load of 150 kN.

3 Results and Discussion

3.1 Single-Track Weld Test

For the analysis of the behavior of the individual combinations of process parameters,
a single welding test was performed, and their evaluation was processed in the form
of a table (see Fig. 1) showing good quality (Group 3) and low quality (Group 1)
welds. Within the test, the laser power ranged from 175 to 400 W and a scanning
speed changed from 200 to 2000 mm/s. The resulting input energy density was from
3.5 to 20 J/mm2.

To guarantee a layer thickness of 50 µm, a block of 20 × 50 × 10 mm was
fabricated with general aluminum parameters, follow up powder layer was applied,

Fig. 1 Process map of the single-track welding test with evaluated welds
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and single-track welds were fabricated with different parameters onto such block. A
total of 120 single-track weld samples were built. By comparing the size and quality
of the welds, three groups of welds were specified (see Fig. 2).

The first group included high and low power inputs. For high input energy val-
ues, deep depth and wide weld widths were typical. Low input energy curves were
characterized by low height, non-continuity, and inappropriate angle of contact with
the underlying block. The second group contained welds that met the dimensional
condition but was non-continuous. The third group of welds included dimensionally
suitable and continuous welds.

The analysis of the results showed that with increasing scanning speed at constant
power, the width, and depth of the weld decreases. This is due to the reduction of
the energy density flowing into the process and the resulting formation of a smaller
molten welding bath. An example of graphs is shown in Fig. 3. For further research,
process parameters were selected from the group 3 of Fig. 2 within a LP range of
325–400 W and a LS of 900–1300 mm/s.

Fig. 2 Sample of individual groups. Top view of the welds and cross-sectional view

Fig. 3 Dimensions ofwelds for laser power 375Wdepending on the laser scanning speed; direction
upstream gas flow (left); direction downstream gas flow (right)
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3.2 Thin-Wall Test

Ten thin walls made up of single laser track were built according to the best results
of the welding test. The samples had the shape of a 13 × 13 × 10 mm box where
only the single outer contour was scanned. The resulting walls were digitized using
3D scanner and subsequently polished in a vertical cross section of the walls. From
the scanned data, the thickness of the walls was evaluated in relation to the laser
velocity. Figure 4 shows a comparison of measured wall thicknesses from scanned
data, polished samples, and welding widths from the welding test. By comparing
individual wall thicknesses and weld widths, it can be seen that the wall thickness of
the scanned data is 8.5% bigger on average than the width of the welds. This is due
to lower heat conduction to surrounding powder during the wall fabrication resulting
in the formation of larger molten bath.

The difference between the thickness of the walls obtained from the 3D scanned
data and the polished samples is due to the difference of the two measuring
approaches. Thickness evaluation of the wall using 3D scanned data is based on
190 points describing the wall surface in chosen virtual cross section of the wall.
Thickness evaluation from microscopic images of physical wall sections uses only
16 thickness measurements representing only one transverse plane of the wall.

Fig. 4 Comparison of wall thicknesses from scanned data and polished cuts to individual process
parameters
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Fig. 5 Diagram of porosity dependence on percent track overlap

3.3 Volumetric Test

The aim of volumetric test was to optimize porosity as a function of the percentage
overlap of scan tracks. The best process parameters from the thin-wall test were
used in volumetric test. For known wall thicknesses, the hatching distance values
for the 20–80% percentage of weld overlaps (defined by hatch distance—HD) were
calculated. Samples with a size of 5 × 5 × 10 mm were manufactured. Scanning
rotation was set to 0°. With this setup, the welds in each layer will be made in the
same place, and it will be possible to evaluate the connection between welds and
the resulting porosity for different overlapping (HD) values. Figure 5 shows the
decreasing trend of porosity with the increasing overlap.

The lowest porosity value of 0.122% was achieved for process parameters of
375W, laser velocity 1 300mm/s and 80% overlap. Figure 6 shows the polished cross
sections of individual samples with the appropriate value of their track overlap. For
overlapping 25–30%, the occurrence of large discontinuities due to the low overlap
can be seen. With increasing weld overlap, a larger part of the already formed weld
is repeatedly melted, which results in decrease of porosity.

3.4 Testing of Mechanical Properties

For samples made with 375 W power and laser speeds of 1200 mm/s in volumetric
test, microhardness wasmeasured (Fig. 7). The highest average hardness values were
obtained with a 50% overlapping sample, i.e., 110.9 HV, and the smallest values
reached a 60% overlapping sample, i.e., 108.6 HV. This is the difference of 2.3 HV,
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Fig. 6 Example of cuts of samples from volumetric test. The number in the sample indicates its
percentage overlap of the tracks. The red field within the first sample shows the area of the volume
porosity calculation of the samples

which is within the deviation of this measuring method. Therefore, it is concerned
that large overmelting of the track had low influence on mechanical properties.

Mechanical properties of chosen set of parameters were evaluated by a three
tensile specimens in as-built state (no heat treatment was used). The tensile test
results (Table 2) show low variation. The UTS values of SLM fabricated samples
slightly overcoming those of cast alloy in T6 state [9], while the YS values are about
17% lower and the relative elongation is comparable to T6 treated cast alloy.
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Fig. 7 Hardness in relation to the track overlaps for the LP 350 W and LS 1 200 mm/s

Table 2 Tensile test results of SLM fabricated samples

Modulus of
elasticity

Offset yield
strength

Maximal
force

Tensile
strength

Elongation

E (GPa) Rp0.2 (MPa) F (N) UTS (MPa) A (%)

Average
value

74.10 229.47 18 983.22 379.87 9.85

Standard
deviation

7.71 0.36 19.93 0.81 0.95

Coefficient of
variation

10.40 0.16 0.10 0.21 9.61

4 Conclusion

The paper deals with the influence of the process parameters for the porosity of
aluminium AlSi7Mg0.6 alloy material processed by SLM technology. The influence
of wide range of process parameters on the formation of individual weld tracks was
examined. It has been found that with the increasing scanning speed, the width and
depth of thewelding decreasewith the constant laser power. This trendwas confirmed
in the thin-wall test. Due to the lower heat dissipation during thin-wall fabrication, the
wall thickness was about 8.5% higher than the width of individual welds. For volume
samples, porosity has been shown to decrease as the track overlap increases. For the
80% overlapping of the hatches, LP 375 W and LS 1300 mm/s the lowest porosity
of 0.12% was achieved even without any rotation of the scanning pattern between
layers. Mechanical properties showed to be independent of used overlapping with a
UTS of 380 MPa, YS of 230 MPa, and a relative elongation of 10%.
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Control System for the Testing Device
of Flood Barriers

Aleš Lufinka

Abstract New types of flood barriers must be tested before they are approved for
use. One of these tests is the impact of a wood log. Implementation of this test
is very difficult because the real wood log is very heavy and large and the test is
very space consuming. Therefore, the special test device was built under the project
VI20152018005 of the Ministry of the Interior of the Czech Republic. The wood log
impact is simulated by a pneumatic engine with impactor head and this engine is
controlled so that the impact to the tested flood barrier has the same speed and energy
as the impact of the real wood log. It means the impact energy must be evaluated in
real time during the test and the engine movement is stopped when the set energy
value is reached (these parameters were obtained during impact tests with the real
wood log). The design of the system for the pneumatic engine controlling is described
in this article.

Keywords Flood barrier · Impact test · Testing device · Control system

1 Introduction

The flood barrier properties must be tested by several different tests prior to its
commissioning. One of these tests is the impact of a wood log that simulates the
floating object’s impact to the barrier. Implementation of this test in the laboratory
is not easy because the real wood log is very heavy (400 kg) and long (4 m), its
control and handling are difficult and the test is very space consuming. Therefore,
the special test device was built and the real wood log impact is replaced by the hit
of the impactor, which is accelerated by a linear pneumatic engine (see Fig. 1).
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Fig. 1 The real wood log (left) and the pneumatic engine with impactor (right)

2 Testing Methodology

Parameters of impact with awood log to the flood barrier are described in themethod-
ology of flood barrier testing [1]. The diameter of the log is approximately 300 mm,
its weight is about 400 kg and the impact velocity is 2 m s−1. The kinetic energy of
the wood log impact can be calculated according to the following simple equation:

EK = 1

2
mv2 (1)

where EK—kinetic energy [J], m—mass [kg], v—impact velocity [m s−1].
The principle of replacing the real wood log impact with the impactor is based on

achieving the same energy. The kinetic energy of the moving logs will be replaced
by the compressed air energy applied to the piston of the pneumatic engine. The
impactor with the same diameter as the original log is attached to the engine piston
rod.

2.1 The Real Wood Log Impact Tests

The tests of the impact of the real wood log into the barrier were performed before
the construction of the pneumatic test equipment. A standard lamella barrier with
column anchorages was used for testing [2, 3]. Arrangement of the test is shown in
Fig. 2.

The wood log speed, acceleration peak and deflection of the barrier lamella were
measured during the impact. The impact energy was calculated by Eq. (2) from the
curve of the acceleration peak during the wood log impact and from the deformation
of the barrier lamella.

EK = m
xmax∫

0
a(x)dx (2)

where EK—kinetic energy [J],m—mass [kg], a—acceleration [m s−2], x—displace-
ment [m].
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Fig. 2 The real wood log impact test—sensor arrangement left and the real impact right

Fig. 3 Example of the real impact measured data

Equation (2) has been calculated to verify the amount of energy because this
calculation will be the basic principle of controlling the pneumatic engine. The
measured data were further used to verify the duration of the impact process, and the
required sampling frequency for data measurement and the timing of the control loop
were then determined on the basis of these data. The measured data from these real
tests were then also used to verify the functionality of the pneumatic test equipment.
An example of the measured waveforms is shown in Fig. 3.

2.2 Principle of the Pneumatic Impactor Control

The principle of replacing a real impact of a log with a pneumatic impactor is to
maintain the same impact energy. The calculation of the energy obtained is based on
Eq. (2). Because the kinetic energy of the log is replaced by the piston force of the
pneumatic engine, the equation is modified to the following shape:

EK =
xmax∫

0
F(x)dx (3)

where EK—kinetic energy [J], F—force [N], x—displacement [m].
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Fig. 4 The pneumatic impactor block diagram

Inorder for this equation to be computedduring impact, the force anddisplacement
of the impactor must be measured. The block diagram of the impactor arrangement
is shown in Fig. 4.

The pneumatic engine is supplemented by two sensors—the force sensor is
installed between the piston rod and the impactor, and the impactor displacement
is measured by the position sensor. Both signals are led to a control computer that
calculates the energy in real time in accordance with Eq. (3). After reaching the set
value, the computer shuts off the air supply to the engine by the solenoid valve and
the impact is thus terminated. From the real impact time analysis (see Fig. 3), it can
be seen that the impact time is approximately 50 ms. The sampling frequency for
data measurement is therefore set to 5 kHz and the control loop time is 1 ms to stop
the motion as accurately as possible after reaching the desired energy. A solenoid
valve with a very short reaction time must be used to switch the compressed air in
order to prevent the end of the impact from being delayed.

3 The Pneumatic Impactor Building and Testing

3.1 The Pneumatic Impactor Building

The pneumatic impactor test device is built according to the block diagram (see
Fig. 4). The linear motor is fitted with a high velocity and high flow electromagnetic
valve Festo. The strain gauge force sensor 40 kN from GTM and a 300 mm diameter
impactor is attached to the piston rod. The impactor position is measured by the
LVDT sensor 150 mm from HBM. Both sensors must be in a special design that
allows use below the water level (IP 67) because the pneumatic impactor may be
flooded with water during the test (see Fig. 5).
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Fig. 5 The pneumatic impactor assembly (left) and its using under the water level (right)

3.2 The Pneumatic Impactor Testing

The universal measurement device DEWE5000 from Dewetron was used for the
first functional tests. The sensors were connected to the measuring inputs. An optical
separator was connected to the TTL output by which the electromagnetic valve was
controlled. The DEWE5000 is primarily designed to measure and record data, and
the installed version of the software does not allow to count the integral of force
from the displacement (see Eq. (3)). So a simpler calculation method was chosen for
the tests. Energy was counted as the sum of rectangles of force and the displacement
increments �F. �x. However, this small calculation error did not prevent testing of
the impactor functionality.

The first results were not good. The pneumatic engine did not reach the required
speeds of 2 m s−1. The real speed was only 0.25 m s−1 (see Fig. 6).

The reason for this error was the insufficiently dimensioned intake air pipelines.
Their cross-section was too small, the length too large and the airflow was limited.

Fig. 6 The first test result example
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Fig. 7 The new pneumatic circuit measurement result

Another problem was to return the engine piston rod to the starting position, which
had to be done manually.

3.3 The Pneumatic Circuit Rebuilding

The pneumatic circuit was rebuilt to eliminate the mentioned errors and the impactor
functionality with the newly connected pneumatic circuit was verified again. The
maximum speed achieved was 2.6 m s−1 (see Fig. 7), so the speed requirement was
met after the pneumatic circuit rebuilding.

Stoppingmotion of the impactor after reaching the set energy could not be verified
during these tests because the calculation time of the Dewetron measuring system is
too long. The output pulse for stopping the valve was approximately 450 ms delayed
from the moment the energy was reached. It means that the final control systemmust
be very fast to stop the impactor movement at the desired time.

New pneumatic circuit block diagram is shown in Fig. 8. The electromagnetic
valve was assembled directly on the engine and it was connected through a large
cross-section pipeline with an air reservoir near the engine. This arrangement ensures
a sufficient volume of compressed air in the vicinity of the engine and the engine func-
tion is not affected by the long and thin piping from the compressor. The pneumatic
circuit was further equipped with a second electromagnetic valve, so the piston can
be automatically returned to the starting position after the test. The remote-controlled
pressure regulator was assigned to the inlet pipe of the air reservoir and the actual air
pressure measured by the pressure sensor. The air pressure (and thus the maximum
force) can be set before the impact test.
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Fig. 8 New configuration of the pneumatic circuit

Table 1 The control system inputs and outputs

Signals No. Description

Analog input 3 Force–displacement–pressure

Digital output 4 Impact–engine back–pressure up–pressure down

The necessary inputs and outputs of the control system also came out of the block
diagram in Fig. 7 and they are summarized in Table 1.

4 The Control System Design

The pneumatic impactor is located in the test room of flood barriers. Because the
barrier may be destroyed during the test, the entire room may be flooded with water.
The control system is therefore placed in the control room which is separated from
the test room. This spatial arrangement, however, leads to a long distance between
the impactor device and the control system, which can reach up to 40 meters.

The customer also required the possibility of simplified control of the impactor
by manual control, where the impact energy is not calculated and the impact force
is set only by the air pressure.
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4.1 The Control System Hardware

The following solution (shown in Fig. 9) resulted from the above requirements.
The control system is divided into three parts. The first is located in a waterproof

case (IP 67) directly at the pneumatic impactor and contains only signal amplifier for
the force and displacement sensors. The special integrated amplifiers for the strain
gauge sensors and LVDT sensors from Analog Devices are used for its construc-
tion. The pressure sensor has an integrated amplifier so its output no longer needs
to be amplified. Thus three analog signals in the 0–10 V range are connected via a
connection line on which a shielded twisted pair cable is used. This solution guar-
antees a sufficient signal-to-noise ratio. Pneumatic valves and pressure regulator are
controlled by 24 V DC signals. These are connected by a separate cable to avoid
interference from analog signals from the sensors.

The manual control box is the second part of the control system. It is located in
the control room and it allows simplified manual control of the impactor without
calculating the impact energy. The 24 V DC power supply for the electromagnetic
valves, the pressure regulator and the electronic switches for their control are located
in this box. The electronic switches can be either manually operated by push buttons
on the front panel of the box or electronically from the parent computer system. The
display for the air pressure value in the air reservoir is also on the front panel. The
manual control box thus contains all the necessary components and it can be used
for simplified pneumatic impactor control without the computer system connection.
Its front panel is shown in Fig. 10.

Fig. 9 Block diagram of the control system hardware
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Fig. 10 The manual control
box front panel

Force and displacement signals are not used for manual control and they are
therefore only connected to the parent computer system. Of course the pressure
signal is connected to the computer system as well (see Fig. 9).

The NI USB-6211 universal measuring unit from National Instruments [4] forms
the basis of a computer control system. This device has a sufficient number of ana-
log inputs and logic outputs to control the pneumatic impactor. Sensor signals are
connected directly to NI USB analog inputs. The digital outputs are connected to the
electronic valve switches via the optical separator. This first protects outputs fromNI
USB and secondly converts their 5 V level to 24 V level for the electronic switches
control.

The NI USB-6211 has 16 analog inputs with 16 bits resolution and sampling
frequency can be up to 250 kS s−1. It contains four hi-speed TTL digital outputs
too. These values ensure sufficient measurement and control speeds needed to stop
the piston movement when the set energy is reached. Small delay is due only to the
solenoid valve response time.

The NI USB drive is connected via a USB cable to the computer on which the
control application is installed. Any computer running Windows can be used.
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Fig. 11 LabVIEW application block scheme

4.2 The Control System Software

Application created in LabVIEW software is used to control the pneumatic impactor.
Each LabVIEW application has two parts—a front panel that forms a user interface
and a block diagram, which is a program application code. The block diagram can be
formed by one or more independent loops. If a measuring device is connected to the
application, the NI-DAQ driver is used to control it. Of course, the application for
the impactor control is created according to this structure and it is shown in Fig. 11.

The application block diagram contents two independent loops. The first one is
the slow-speed loop that is designed for the front panel control. Its repeat period
is 250 ms, which is enough for a very good response to user control, while the PC
processor load is very small. This loop also directly controls the “slow” actions,
i.e., measuring and setting the air pressure and returning the engine to the starting
position.

The second loop is the core of the application. It is designed for the analog signal
measurement, energy integrity calculation and the impact pneumatic valve control.
This loop utilizes the hardware timing of the period, which ensures very accurate loop
timing. If no special real-time hardware (which is expensive) is used, the minimum
period of HW timed loop is 1 ms. This value is also set in this case. This means that
every millisecond the force is measured, the displacement values with the integral
of the energy are calculated, the result is compared with the requested value and the
electromagnetic valve is controlled according to the result. The valve is therefore
stopped with a maximum of 1 ms delay when the set energy is reached.

Hardware of the NI USB unit is maximally used to measure the analog signals
using the NI-DAQ driver. Input buffers are used to avoid a loss of data samples and
the unit’s hardware is further used to convert the measured signals directly into the
physical units, i.e., kN for the force and mm for the displacement. So the amount of
computational operations in the time-consuming loop is minimized by this efficient
use of the unit’s capabilities.
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Both loops used in the application must run completely independently (the pre-
cise timing of the HW timing loop must not be disturbed) but data and command
transmission between the two loops is necessary. Therefore, the local variable system
is used for this communication. Both loops can store and read data in this system at
the moment determined by their timing. The information is passed and loop timing
is not disturbed.

5 Conclusion

The new test device for the flood barrier impact tests was built. Complicated and
space-intensive real wood log impact tests were effectively replaced by the compact
pneumatic impactor. The control system built on the basis of the results of the actual
tests allows complete control of the pneumatic impactor and the impact test has the
same parameters as the original test with the wood log. So the effectiveness of the
impact tests of the flood control systems has increased significantly.
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Numerical Simulation of Flow Through
Porous Media

Ondřej Novák and Michal Petrů

Abstract The filtration process using porous structures (foams, textile structures,
granular materials…) is very complicated and its understanding is important for the
production of filter materials for a maximum efficiency, low pressure drop, and filter
lifetime. To obtain comprehensive information systematic analysis of the structure
of the filter media by image analysis of images obtained by optical and electron
microscopy, and through micro-tomography were conducted. In particular, it was
the characterization of the morphology and structure incl. directional arrangement,
fiber diameters, and pore shape as well as porosity. Based on this information, 2D
CAD models were created representing the filter medium with the corresponding
parameters. Real filter medium was tested on the experimental test device in order
to determine pressure drops at different flow rates. These values determined the
boundary conditions of the numericalmodel and the control values for the verification
of the model. The result is a numeric model depicting the water flow depending on
the depth and the complexity of the filter. The model shows a very good match with
the experimental results. It could significantly help to design the structure of the filter
media.

Keywords Filter · Flow · Numerical model

1 Introduction

The problem of filtration in porous structures is very complicated because it is very
difficult to obtain sufficient information about pore shape. The distribution of pore
diameters, lengths, and segmentation plays a major role in this problematic. This is
mainly due to the fact that the pore size of thefiltermaterials is in the order of hundreds
of microns, but is not limited to materials with pore size in micrometers. However,
there are also materials with pore size in nanometers, for example, membranes.
An important factor is also the type of filtration that can be depth or surface. The
surface filtration is more common in an industrial filtration because it allows repeated
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cleaning of filters and thus longer life. The filtering process is typically characterized
by two parameters. The first is efficiency,which describes the ability to capture a solid
fraction from aerosol with respect to particle size. The second is the pressure drop
and its increase during filter clogging. For the modeling, it is necessary to design the
geometry of the structural units and for setting of the boundary conditions the basic
parameters of the filtration process. The geometry was based on scanning electron
microscopy (SEM) and micro-tomography images. Parameters of filtration process
were measured with selected filters on designed experimental test device. The model
considers fluid flow with particles that clog the filter.

2 Theory

Modeling of flow of fluid [1] containing solid particles can be described by the
following relationships. If the liquid contains particles, the calculation of the particle
trajectory applies the Newtonian law in the form according to (1)

d

dt

(
mp × v

) = mp × Fd
(
v − vp

)
(1)

where vp is the velocity vector of the particle, Fd is the force per unit of mass that is

Fd = 18μ/ρdd
2
p (2)

where md is particle mass. These equations are always dealt together with the
continuity equation

∂ρ

∂t
+ ∇ × (ρu) = 0 (3)

where the Navier–Stokes equations represent momentum conservation, while the
continuity equation represents the conservation of mass [2]. The solution is for a
certain set of boundary conditions (such as inputs, outputs, and walls) to predict
fluid velocity and its pressure in a given geometry. The principle of the problem is
schematically shown in Fig. 1, which represents an idealized formation of a filter
cake and filing of the filter media pores with dirt. The particle arrangement is char-
acterized by the type of particles (dimension, shape, and diameter distribution) that
are streamed to the geometry of the pores.

To study the pressure loss of flow volume at a fluid flow that clogs pores can be
based on Darcy’s law [3] according to the Eq. (4)

V̇ = A

μ

�p

�L
× P (4)
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Fig. 1 Scheme of filter
media clogging principle:
a complete blocking,
b partial blocking, c internal
pore blocking, and d cake
filtration

where A is the area of cake filtration, P is the specific permeability coefficient
(permeability), which can be expressed as (5)

Ṗ = ε3

K2q2a2v (1 − ε)2
(5)

where av is the intrinsic specific surface of the particle. For spherical particles is valid
Eq. (6)

av = 6/dp (6)

3 Experiment and FE Model

The images were prepared from samples of a non-woven filter made of polyester.
An electron microscope is used VEGA 3 a micro-CT SKYSCAN 1272 (Fig. 2 left).
By the help of image analysis NIS elements images were treated (Fig. 2 right).

Based on the images, a 2Dmodel of the filter unit was created. Unlike the previous
[4], a two-layer filter was created. The first layer is a coarse fiber pre-filter; the second

Fig. 2 Micro-CT images (left). Detail of black and white structure (right)
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Fig. 3 2D CAD model of structure of two-layer filter (left), meshed model (right)

Table 1 Geometric model parameters

Geometry Dimension (µm) Geometry Dimension (µm)

Thickness of first layer 300 Length (thickness) 750

Thickness of second layer 200 Fiber diameter—first layer 20

Gap between layers 100 Fiber diameter—second
layer

10

Width 1 000 Particle size 1

layer is of finer fibers and serves as a filter. The geometrical and physical properties
of FE model (Fig. 3) are presented in Table 1.

Boundary conditions are following. Shorter sides of model create walls of system,
bottom part side is inlet and upper side is outlet. Inlet pressure was 9.6 Bar, pressure
drop 2.2 Bar. The FE mesh is swept and created from triangular and quadrilateral
elements. Total number of elements is 145,016. Applied software was COMSOL
Mutiphysics. The model uses laminar flow analysis with particle tracing for fluid.
Applied medium is water.

The model was assembled with initial conditions, where first in simulation step 1
at time τ = 0.1 were particles with a diameter greater than small pore diameters but at
the same time smaller than the large pore diameters of the filter medium by the stream
being shifted to the surface of the filtering structure. This created an incomplete
filter cake where some particles passed through the structure. Subsequently, in the
simulation step 2 at time τ > 0.1 a flow of pure liquid was applied for a prediction
the pressure drop.

4 Results

The simulation shows both flow, the pressure drop and the way of the filter clogging.
Figure 4 shows the movement of the particles and flow velocity in the filter medium.
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Fig. 4 Filtration at τ > 0.1, velocity of fluid flow

The velocity of water 5.97 ms−1 was experimentally determined and set as model
input. Obviously, a larger pore filter part catches less particles and, of course, it
indicates lower pressure drop. Clogged pores show higher pressure and therefore
higher velocity. The output velocity is same, but it differs in individual pores depend
on their clogging. From model results, it is seen that velocity in certain parts of filter
is almost three times higher (5.97 vs. 14.39 ms−1). The higher pressure and fast flow
due to high kinetic energy canmovewith particles, and it can also change pore size or
destroy the filter. Increasing of pore size leads to particle penetration through the filter
structure, therefore, a filter efficiency decreasing. In Fig. 5 is shown, the pressure in
individual parts of the geometry. It is clear that higher pressure and pressure drop
indicates the first part of the filter, especially near to inlet. It corresponds with the fact
that pressure decreasing toward the outlet. Also, it is seen decreasing of the pressure
between layers. Compare with standard filters, where the layers are put together
without the gap, it can bring different behavior of filtration characteristics. But it
can be complicated for manufacturing. Two-layered filter with the gap has different
behavior compare to filter with same thickness. By this structural change, filtration
characteristics can be improved. The problem consists in a requirement of the gap
with relatively low dimension. It could be done by the thin rough mesh adding. The
mesh with large pores is required. It can also bring reinforcing function to the filter
and improving of filter mechanical properties.

5 Conclusion

A two-step simulation was performed on the 2D filter FE model, whose structure
is based on a real filter medium. The model uses not only flow, but also particles
that simulate filter clogging. The model is unusual with its gap between the layers,
which gives to the filtering process different characteristics. Such type of model can
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Fig. 5 Pressure in individual layers of filter media

facilitate the design and optimization of the filter medium to achieve both optimal
morphology and filter structure, but also a way how to arrange the layers. In the
future, it is intended to replace the 2D model with a 3D model that will directly use
the scanned filter structures. This will ensure greater accuracy and reproducibility of
obtained results. This will allow studying other effects, such as pore size change due
to pressure, flow, and particle impact.

Acknowledgements The results of this project LO1201 were obtained with co-funding from the
Ministry of Education, Youth, and Sports as part of targeted support from the program “Národní
program udržitelnosti I”.
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Principles of Winding Elbows
from Pre-impregnated Carbon Fibers

Petr Kulhavý and Vítězslav Pfliegel

Abstract Nowadays, technologies like winding, braiding or wrapping of high-
strength fibers used for manufacturing composite materials are used by producers in
almost all sectors. This thesis describes a method of the prepreg (pre-impregnated)
carbon filament winding with regards to manufacturing and effective designing of
curved rods (elbows). The process of winding fibers is known for a long time. How-
ever, until recently was this technology used especially in the field of textile engi-
neering, braiding of ropes, hoses and similar parts from atypical sectors. The basic
elements of traditional filament winding are a non-bearing mandrel and spools. In
the studied case of winding, the mandrel stands on a place and the spools with fibers
rotating around and simultaneously moving parallel to it. The fiber can be wound
in helical, circumferential and polar pattern with geodesic or non-geodesic behav-
ior. However, when winding profiles with curved shapes, there could be significant
deviations between the real and desired winding angle, caused by the irregular dis-
tribution of fibers on the inner and outer tube radius. Therefore, the aim of this
work is to describe this phenomenon and find out an optimal solution on how to
assure the constant mechanical parameters through the entire shape. The process
has been described analytically and also simulated with using specialized software
CADWIND.

Keywords Winding · Prepreg · Elbow · Composite · CADWIND

1 Introduction

Nowadays, the uses of composite materials have grown exponentially, thanks to the
very good specific strength of the materials and the possibilities of customization
the final properties [1]. Compared to conventional metallic materials, it is possible
to obtain several times higher specific strength. The high-strength carbon fibers have
approximately 2–3 times higher elasticmodulus than the best steel andmore than five
times than the Ti-based alloys used in aeronautics. Composite materials offer some
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unique engineering properties and challenging problems for analysts and designers
[2], achieved through the possibilities of significantly varying and tailoring their
mechanical parameters. The abnormal strength of the fibers is based on planar bonds,
the arrangement of hexagonal meshes and arrangement of the inner layers parallel
to the fiber axis. However, with using the conventional manufacturing methods like
layering in molds, vacuuming, etc., it is not possible to cover all of the requirements
on today’s technical devices. Therefore, the so-called advanced composites created
by using winding, wrapping or braiding technologies becoming still more important.
With using those techniques, it is possible to create some thin-walled, straight or
curved hollow tubes or parts of profiled frame structures.

2 The Used Technology and Materials

The general disadvantage of the above-mentioned “wet” methods is their relatively
high complexity and especially the high cost of auxiliary devices (e.g., molds), pre-
destines their use primarily for series production. Therefore, technologies using pre-
saturated fibers known as prepregs are actually one of the most emerging methods
(see Fig. 1) [3, 4]. The pre-impregnated fibers have reached an irreplaceable posi-
tion between long-fiber composites. Prepregs consist of unidirectional carbon fibers
pre-impregnated with partially cured resins (thermosets) and protected by a silicone
paper.

They are designed as a basic material for the production of advanced laminates
[5]. The main advantage of Prepregs is the high proportion of fiber reinforcement
(30% of fibers), the uniformity and smoothness of the finished parts. The reason
for using prepregs instead of classic filaments is simplifications of manufacturing
processes. Especially, the subsequent resin saturation and curing in form it is not
required. As a disadvantage, it is possible to mention higher price of the rawmaterial
and requirement to high, ideally constant preloading of the fibers. This is caused by
the fact, that the tapes are extremely sticky and this problem significantly arising
with the increasing temperature.

The further described and optimized method, based on epicyclic wrapping of
pre-impregnated tapes used for manufacturing of thin-walled composite parts with
circular or oval profiles, is the so-called winding (see Fig. 2). Winding the composite

Fig. 1 Schematic principle of the two-directional, multifilament winding of straight tube
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Fig. 2 Process of winding
prepreg tapes on a
non-bearing PUR mandrel

manufacturing process that keeps the continuous fibers aligned along the entire length
of the component with the declared angle—the so-called winding angle [6].

The global problem of this method arising during the winding mandrels with
curved shapes when there are changes of the winding angle on the outer and inner
sides of the tube.

Because it is not possible to ensure a constant covering on the both sides, it
is necessary to locally adjust the defined winding angle determined by numerical
calculation with respect to real boundary conditions. As could be seen on the results
of the parametric process simulation—carried in the software CADWIND (Fig. 3),
without any local adjustment of the winding angle the coverage of the outer side is
poorer.

3 Mathematical Models

Generally, there is no reliable method for non-axisymmetric winding design.
Wang [7] was dealt with numerical description of the manufacturing parameters for
winding of complicated and multiple curved shapes (so-called combined elbows).
The basis of its parametric analysis was to divide the problem solved as a 2D mesh.
The winding angle has to be adjusted by changing the doffing points to keep the
pattern stable and realize the full coverage. Finally, the problem of combined elbows



550 P. Kulhavý and V. Pfliegel

Fig. 3 Parametrical illustration of the elbow winding (created in CADWIND)

winding was solved by a simple table, which contains basic parameter configurations
when the individual values for setting the local winding angles when passing through
the curved parts could be found.

The design and calculation of fiber paths require considerable mathematical
model. The CADFIL and CADWIND are the only two useable software for the
elbow and T-shaped winding [8]. Li [9] set the non-axisymmetric filament winding
pattern (NFWP). This model is suitable also for 3D models. The main principle of
NFWP consists of (1), and the main dimension could be seen in the scheme in Fig. 4.

T (γ, ϕ) =
(R + r cosϕ) cos γ

r sin ϕ

(R + r cosϕ) sin γ

(1)

where T (γ, ϕ) is the vector describing the elbow γ ; it is the main angle of, ϕ is the
angle of the rotation of the fiber around the mandrel with diameter r [mm].

For 3D body in space, the so-called geodesic curvature ks is according to Li [9]
using the Liouville formula possible to use Eq. (2):

ks = d∝
ds

+ sin ϕ

(R + r cosϕ)
cosα (2)

If the curvature is set to equal to zero ks = 0, then it is possible to construct simple
differential Eqs. (3, 4 and 5):
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Fig. 4 Scheme of the
dimensions in the 3D curved
rod

d∝
ds

= − sin ϕ

(R + r cosϕ)
cosα (3)

dγ

ds
= − cosα

(R + r cosϕ)
(4)

dϕ

ds
= − sin α

r
(5)

With a subsequent modification of the given equations, it is possible to obtain
expressions (6 and 7):

d∝
dϕ

= − r sin ϕ

(R + r cosϕ)

cosα

sin α
(6)

dγ

dϕ
= − r

(R + r cosϕ)

cosα

sin α
(7)

Finally, using the so-called Clairaut’s equation, it is possible to set (8):

(R + r cosϕ) cos ∝= C. (8)

In this case, the constant C is defined by the initial value of winding angle α0.
The elbow is not always convex, even though the geodesics may bridge and may
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not cover the elbow unless the initial winding angle α meets certain condition. The
stable winding condition was given in [9, 10] as follows (9):

0 < cos ∝0≤ R − r

R + r

√
R − r

R
. (9)

All these conditions, however, describe only geometric dependencies, but they do
not take into account the very necessary parameter that [CAD, Geodesic and Haj]
point to, and it is the real friction between the fibers and the core.

When introducing normal curvature kn (10), it is based on normal and geodetic
curvature, possible to determine the relative slip resistance λ (11) that could prevent
the slipping of the fibers from the sides of the mandrel.

kn = sin2 α

r
(10)

kg
kn

= λ (11)

To ensure optimal technological parameters, it is recommended the |λ|≤ μ, when
the μ means friction coefficient between fiber and mandrel.

Generally, the winding angle = 0° corresponds to the longitudinal orientation of
the fibers, i.e., the tangent vector is at eachmoment parallel to the axis of rotation, and
the 90° angle corresponds to the circumferential (industry called “Hoop”) winding.

Another important feature for optimization thewinding structure of curved parts is
to setwhether the approachwill be geodetic or non-geodetic. Inmodernmathematical
meaning, the geodetic path is the shortest way on a spherical surface between two
points [11].

Then, the geodetic winding is the path that the fiber can stretch firmly between
two points on a curved surface without relying on friction and avoiding slippage.

For this reason, there are the methods of non-geodetic winding, which consider
also the friction between the fibers and the mandrel (loxodromes) [12].

Very sticky fibers (e.g., prepreg) and rubber core will be considerably different
from the ideal geodetic tracks.However, somevery slipperyfilaments (e.g., lubricated
fibers) on smooth cores (e.g., polished stainless steel) should follow a path that is very
similar to the geodetic path, otherwise they will slip down. According to CADWIND
[13] for the dry fibers wound onto a polyurethane core, the coefficient of friction is
approximately 0.2 and for prepreg 0.35.
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3.1 Problem of the 2D Curved Shape

The idea of solution in the 2D space is based on the division of the straight and
curved parts into one-dimensional sections. The length those sections on the outer
radius must be constant, thus guaranteeing a constant winding angle (Fig. 5).

For the solved case, for the optimization of the winding angles and for a 2D curved
elbow, it is possible to find the resulting geometric relationship between the angles
α1 a α2 (according to Fig. 6).

For this scheme, the basic geometrical relationships can be derived. Basically, the
length a is equal (12).

Fig. 5 Scheme of the basic
dimensions and the required
angle adjustment

Fig. 6 Model of the various thickness caused by the local thickening in the curved section
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a = 4b = 2d

tg ∝1
(12)

Then, the section e (13) and (14) depends on the length of the arcs:

e = π
(
R − d

2

)
180

γ2 (13)

a = π
(
R + d

2

)
180

γ1 (14)

And the dependency ofwinding angle on the fundamental parameters of the elbow
is described by (15, 16).

2d

tg ∝1
= π

(
R + d

2

)
180

γ1 (15)

γ1 = 2d

tg ∝1

180

π
(
R + d

2

) = d

tg ∝1

360

π
(
R + d

2

) (16)

Based on these assumptions and with a slight approximation, it is possible to use
a simplified but sufficiently accurate relationship (17) to determine the value of the
local winding angle when passing through an arc:

∝2=∝1 +d/2 ∝1 1/R cot g ∝1=∝1 (1 + d/2 1/R cot g ∝1) (17)

4 Conclusion

Probably, the best way how to demonstrate the described problem is to illustrate the
final resulting thickness of the wound tube (Fig. 6) on the parametrical model. The
darker colors mean thinner wall and the brighter—thicker, higher density of winding.

Whereas on the straight sections, the thickness is due to the constant winding
unchanging (except for the ends where the loop and the return), on the outer radius
has a slightly lower thickness (the same amount of prepreg tape is covering a larger
area) and on the inner radius is then the thickest biggest due to fibers thickening.

In the presented paper, the fundamental theory, basic mathematical description
and author own algorithms used for local optimization of the winding angle on the
curved tubes has been explained. The future of our work lays in the prepreg’s winding
of more complicated shapes and closed frame structures.
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Principles of Increasing the Winding
Effectivity of Composite Prepregs
to Construction Application

Michal Petrů and Josef Vosáhlo

Abstract The development of composite materials for weight reducing is a trend
in transport and other industrial areas. The composition of the composite material
generates a synergistic effect that provides their advantages. The composite consists
of a dispersive and continuous phase. For composites, different fibers (carbon, glass,
basalt, textile and natural fibers) and plastic matrices with specific properties can be
applied. The type, quantity and arrangement of fibers in the composite are designed
for strength characteristics depending on the maximum applied load. Samples of
the composite material were made by fiber winding technology on non-bearing core
with required geometry. An image analysis of the structure and morphology was
performed by scanning electron microscopy (SEM). The study of matrix penetration
among fibers has shown that the directional fiber winding production technology in
the case of uncontrolledwinding significantly affects the resulting ratio between fiber
and matrix area. This was reflected in the standard tensile, bending and impact tests
by a reduction of mechanical properties of the resulting composite. Insufficiently,
saturated areas create the source of defects and crack propagation in the composite.
Mechanical properties were determined from numerical models. The nature of strain
and stress distribution in individual layers have been identified. The results of the
mechanical tests were compared with the numerical model. A comparison of exper-
imental results and numerical models shows that fully controlled winding allows
increasing mechanical characteristics of the resulting composite. The cause can be
found in the optimal distribution of the fibers in the composite.

Keywords Composite materials ·Winding fibers · FEM ·Mechanical properties

1 Introduction

The development of composite materials leads to the improvements of their physical
and chemical properties and, therefore, spreads into engineering, construction and
other industrial applications [1–4]. Improving mechanical properties while reducing
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weight and extending the life of parts and frames is one of the directions in which
the development of composite materials is oriented [5, 6]. The composite material
is comprised of continual phase—matrix (divided into three basic groups: metallic,
ceramic andpolymer) and aphase of dispersion—reinforcement (particle or continual
reinforcement). Mutual interactions of these phases create a synergic effect that is
the added value of composite materials compared to classic, for example, metallic
materials. For the production of FRP [7] natural, technical and special fibers and
reinforcements produced using textile technology (fabrics, multiaxial fabrics, plaited
and nonwoven structures) are used. Considering the focus on specific shapes of the
final composite parts, it is necessary to develop new technologies of production
of composite materials. The classic fibrous structures are in certain cases replaced
by pre-impregnated fibrous reinforcements—prepregs [8]. The controlled laying of
directionally oriented fibrous layers for the production of spatially formed and closed
composite parts the technology of winding [9, 10] was used and modified. The base
of spatially formed or closed components (frames) is the core. The core does not
have a carrying function; it creates the base of the component mostly due to its
shape. The individual directionally oriented layers are put onto the core creating the
final composite [11, 12]. A prototype technology of automatic fiber winding is used
to create directionally oriented fiber layers onto the surface of the non-bearing core,
which is developed in the laboratory of the Institute for Nanomaterials, Advanced
Technologies and Innovation at the Technical University of Liberec [13, 14]. The
device is capable of simultaneously placing two to three directionally different layers.
The combination of angles in consecutive layers is determined based onmaterial tests
andmathematical models [14–19], in order tomatch predictedmechanical properties
of the proposed composite [20, 21]. Currently, a third generation of winding head is
being used in conjunction with two robots. The winding head of the third-generation
winds simultaneously two layers of fibers under various angles as was stated in [22].
The device consists of two independently rotatable robot-controlled carrier rings,
carrying the coils with material. Each coil has a separately adjustable break for
adjusting the desired tension during winding. The device is carried by the robot for
controlled manipulation in space, and the robot simultaneously controls the drives of
carrier rings, which are configured as external robot axis. The second robot carries
the core. Manipulation with the core was originally performed manually and so was
the synchronization of the rotation of carrier rings. This method, however, did not
provide the exact fiber-laying angle or the production reproducibility of the molded
parts. A version with robots was, therefore, developed linked up into the RoboTeam
configuration whose activities are possible to coordinate together. One of the robots
controls the movement of the core through the winding device, for the fibers to be
placed under the desired angle and in the desired amount. The second robot holds
the winding device. The solution is easy and fast to implement.
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2 Materials and Methods

The development of composite parts is divided into several basic directions which
when put together lead to the merge of all the acquired knowledge and the
manufacture of the part with required attributes.

2.1 Mathematical Modeling of Fiber Reinforcement Winding
onto the Core Geometry of the Composite Part

A fibrous strand (fibrous reinforcement), which is wounded longitudinally or at an
angle onto the core, will be assumed to have a regular rectangular shape clearly
determined by the given thickness h and width b. The strand wounded onto the core
in the layer j either moves longitudinally (vertically) along the circumference of
the core with the length m, therefore, the center of the axis becomes a straight line
(longitudinally winded fibers), or the strand is placed spirally onto the circumference
of the core. Therefore, the center axis becomes a helix, which rotates around the axis
z at an angle of ascent αj, while αj, is the angle of ascent of the fibrous strand in
tth layer. These geometric formations (line, helix) form surfaces given by the cross
section of the fibrous strand as well as create volume geometry by their path of the
desired length of winding. Next, we define point P (rj, 0, 0, 1), which will be the
center of the axis of the fiber strand in jth layer, and rj will be the radius of the axis
center distance of the fiber strand (see Fig. 1).

In a single layer of the fiber strand with respect to the design of the optimal
strength and stiffness, it can be assumed that there exist a number of fibrous strands,
whose maximum possible amount will be dependent on the desired number of layers

Fig. 1 Principle of winding fibrous strands onto the geometrical shape of the core composite
component
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for the final frame. To generate a precisely defined amount of fiber strands, we then
introduce an angle allowing the rotation of the axis center of the point that will belong
to any fibrous strand. Modeling of the winding of the fiber strands amount will be
described according to the relationship (1):

x(ϕ) = r j cos
(
ψ j + ξ j i + qϕ

)

y(ϕ) = r j cos
(
ψ j + ξ j i + qϕ

)

z(ϕ) = ϕ
r j

tgϕ j

⎫
⎪⎬

⎪⎭

=
x(ϕ) = r j cos(ψ_ j + (i − 1)2π/m_ j + qϕ)

y(ϕ) = r j cos(ψ_ j + (i − 1)2π/m_ j + qϕ)

z(ϕ) = ϕ
r j

tgϕ j

⎫
⎪⎬

⎪⎭
(1)

where ψ j is the angle of rotation of the first fibrous strand in jth layer, mj is the
number of fibrous strands in j—té layer (j = 1, 2, … nj), q, defines the direction of
rotation, i.e., q = 1 for the positive direction or q = −1 for the negative direction.

The parametric Eq. (1) allows to mathematically defining geometry of the core
shape and geometry as well as position of any fibrous strand that winds the core of
the future composite component (see Fig. 2).

For the load causing tensile, compressive or bending stresses in the frame, it
will be most appropriate for the fibrous strands to have the direction of winding 0°
for maximum stiffness and strength. Since the maximum stress of the fibers in the
direction of force load is used, as is apparent in Fig. 3, fibers arranged at an angle of
45° will not sufficiently transfer the load under tensile stress.

This, however, changes for the torsion stress of the frame where the best direction
of winding of the fibrous strand is 45° for optimal stiffness and strength. When
loading the frame by internal or surface pressure, the most optimal orientation for
optimal stiffness and strength will be angular orientation. It is desirable to design the
composite frames with at least three layers ν = 3 in combination with fibrous strand

Fig. 2 Model simulation for controlled fiber winding optimization
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Fig. 3 Strength of lamina comparison a CF/thermosetic matrix, b CF/thermoplastic matrix

layers placed at an angle of αν=3 = 0°;+45°;−45° for random loads (pseudo-loads,
combined loads, etc.) and due to orthotropic properties of individual layers.

2.2 Material Research, Laboratory Preparation
of Composites and Their Testing

Composite materials are differentiated according to the matrix type and their rein-
forcement. The large group is compositematerials with polymermatrix reinforced by
longfibers. Longfibers for technical applications namely carbon, glass, basalt, aramid
and others are processed into longitudinal and flat textiles by various technologies.
The type of reinforcement and the arrangement/interconnection of fibers are related
to the production technology; properties of a composite are directly dependent on
the way fibers are deposited. The primary task is always to determine the appropri-
ate material composition and the technology of composite material production. The
selected chemical-mechanical material structures are continuously tested. ASTM
standards [23–26] and corresponding experimental preparations were selected to
cover the possibilities of verifying material models of composed composite struc-
tures for various levels of homogenization ofmaterial models of compositematerials.
Prepregs are pre-impregnated fibrous reinforcements (UD—Unidirectional Layers,
Different Bonded Fabrics). Their advantage is the relatively high-weight/volume
portion of fibers. The disadvantage is the storage at very low temperatures, the pos-
sibility of contamination by impurities during normal temperature handling, final
curing under precisely defined condition in the autoclave and a relatively high price.
For experiment was prepared composite specimens. Carbon and glass fibers were
wounded onto the non-bearing core in six layers (+45°/0°/−45°/+ 45°/0°/−45°).
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Fig. 4 GFRP—arranged distribution of fibers in composite skin

Part of the material research is the evaluation of the quality of the produced compos-
ite by checking the internal structure. In particular, the presence of defects and cracks
in individual laminas and between layers. Samples were taken after the manufacture
of the final composite to check the quality of saturation of glass fiber layer matrix.
The test was conducted in LAM at the Technical University of Liberec using the
scanning electron microscope. Figure 3 shows a comparison of the composite skins
of two functional samples of composite materials.

Figure 4a shows the composite skin including the base fromnon-bearing core from
porous polyurethane foam which was produced without checking the angle of fiber
reinforcement winding. The composite skin itself is a graymatter in which light-gray
shapes are deployed—glass fibers. Figure 4b shows the detail of the composite skin,
which has been produced with a camera check of the fiber reinforcement winding
angle. As can be seen from the comparison of these two results of the image analysis,
the controlled winding produced better results in terms of volume fraction of fibers
in the matrix.

2.3 The Technology of Production of Composite Parts

The knowledge gained frommathematical modeling and experimental testing allows
us to lay the foundation for technology of composite component production. The
technology of winding is a process that keeps the continual fibers mutually arranged
along the whole length of the produced part. In order to produce directionally ori-
ented layers of composite reinforcement, a prototype technology of automatic fiber
winding was used. The concept of the winding head is a modified prototype of an
originally patented technology used to winding the fibers to produce closed frames
of non-constant cross section. The materials used can be both classical dry roving
and pre-impregnated fibers, which in their size and arrangement copy dry roving.
The trajectory, motion and tilting of the head were optimized and controlled using
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mathematical algorithms based on the shape of the control curve of core geometry
being the core of the composite. The change of the winding angle and its related
composite parameters are possible to directly affect by changing the ratio of the feed
rate and the rotation of the impellers. The winding head construction is also adapted
to insert a closed core shape.

3 Results and Discussion

This work presents a method of using innovative winding technology for closed
3D formations, which allow simultaneous local optimization of the winding angle
in individual layers. At the same time, it presents an option of automated device
for controlled placement and feedback angle verification of fibrous reinforcement
using PLC. The device was tested both for composites made from conventional
fiber roving and pre-impregnated unidirectional oriented fibers. An integral part of
the work was also the acquisition of knowledge about the properties and behavior of
prepregs. The article represents only a part of the measurements and results obtained.
The mathematical models using measurement results to determine elastic constants
are also an inherent part. These are the basis for modeling of most tests which
have destructive character and would otherwise prolong the work and make it more
expensive.
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Boiling Heat Flux of Multilayer Mesh
Microstructures

Norbert Radek, Łukasz J. Orman and Jozef Bronček

Abstract The paper discusses the issue of enhanced boiling heat transfer with the
use of metal mesh microstructures. Such heat exchangers can significantly increase
heat flux value dissipated during pool boiling. It is especially vital for the production
of efficient phase-change heat exchangers used e.g. in refrigeration or electronic cool-
ing. The article provides special focus on a selected heat flux determination method
and presents the comparison of the chosen calculation technique with the experimen-
tal data of nucleate boiling heat transfer on copper meshed surfaces under ambient
pressure. The considered boiling agents and distilled water and ethyl alcohol. The
comparison has proven that the congruence between experimental and calculation
results may be satisfactory, but not for all the data. Thus, a more reliable model
or a correlation that could more successfully determine the heat flux value based
on material and geometrical parameters of the microstructures is still needed to be
developed.

Keywords Boiling heat transfer · Meshes · Microstructures

1 Introduction

Boiling is a phase-change phenomenon during which significant heat fluxes can
be exchanged at small temperature differences. Additional coatings applied on the
heater surface can further increase dissipated heat fluxes and rise the efficiency of the
process. Such coverings occur in different shapes and are made with technologies
(sintering, thermal spraying, etc.). The experiments of Li et al. [1] were focused on
water boiling on a horizontal copper heater covered with mesh layers. The structure
was sintered at 1030 °C in the gas mixture of nitrogen and hydrogen. Five different
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mesh typeswere tested. The number of layers ranged from 2 to 9. Heat transfer coeffi-
cients of sampleswith four, six and eight layerswere almost identical, only the sample
with two layers provided lower heat flux, which was attributed to the flooding of the
structure with the liquid. All meshed surfaces enhanced boiling in comparison with
the smooth surface. Also an increase in the critical heat flux with increasing height
was observed. This heat flux reached 367.9 W/cm2 and was three times higher than
for the smooth surface. Four reasons of the heat transfer enhancement in the porous
layers were given in the paper: reduction of heat flux on the heater through additional
surface extension, the presence of contact points which join the microstructure with
the heater (it reduces the process of vapour film forming on the surface), increased
active nucleation sites density and extended surface for evaporation, better liquid
transport caused by the flow induced by capillary forces. Li and Peterson [2]—while
investigating water boiling at atmospheric pressure on a horizontal copper surface
with a copper mesh coating—found out that the application of meshes enhanced
boiling heat transfer in comparison with the smooth surface. It was observed that for
smaller apertures (distance between the wires in the mesh), higher heat fluxes could
be dissipated. In order to determine the impact of volumetric porosity, samples of six
mesh layers were produced and compacted to a different porosity, but only a small
influence of porosity was recorded. In their paper, Wong and Kao [3] experimentally
analysed heat pipes performance with a two-layered mesh wick coating underwa-
ter evaporation/boiling conditions. The fine mesh provided more nucleation sites. It
needs to be noted that the number of nucleation sites (locations where bubbles are
created and grown) influences the boiling performance of the heater.

In the presented paper, mesh microstructures are analysed due to their low cost
of production, reliability and repeatability in the production process and regular
geometry (of open porosity).

2 Material and Method

The copper mesh microstructures have been produced with the sintering method.
The meshes were applied onto the heated, clamped mechanically and inserted into
the oven. Sintering took place at the temperature of ca. 940 °C. Figure 1 presents
the image of the cross-section of the produced multilayer sample. Copper meshes of
aperture 0.50 mm were used for the samples preparation.

The boiling tests have been performed with two and three mesh layers with dis-
tilled water and ethyl alcohol as the boiling liquids. For the increased heat flux value
provided to the sample with the electric heater, temperature difference (superheat)
between the heater surface and the saturation temperatures of the liquidwas recorded.
Thus, boiling curves (as presented later in the paper) could be drawn. The experi-
ments were conducted under ambient pressure. The vapour produced in the process
was condensed and returned to the boiling vessel. Heat flux provided to the sample
was determined with the conduction method based on temperature readings within
the heater. Temperature values were recorded with K-type thermocouples. Location
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Fig. 1 SEM image of the mulitmesh microstructure, magnification 50x

Fig. 2 Main unit of the
experimental stand: 1,
2—thermocouples under the
sample, 3, 4,
5—thermocouples in the
axis, 6—electric heater,
7—copper block,
8—soldered sample
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3
4
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6

7

8

of the thermocouples has been presented in Fig. 2. The additional thermocouple was
placed within the boiling liquid in order to read the saturation temperature of the
boiling liquid.

3 Heat Flux Determination Model

For the proper design of heat exchangers and solving other engineering problems, it
is often necessary to precisely determine the heat flux value which is dissipated by a
system. It might be done using dependencies of heat flux on physical and chemical



568 N. Radek et al.

properties provided by different authors across the years in the literature. According
to Webb [4], correlations and models developed for microstructure coated surfaces
can be divided into:

• exponential correlations—produced with data fitting procedures basing on dimen-
sional and non-dimensional variables;

• asymptotic correlations—developed between minimal and maximal values;
• analytical models that take into account heat transfer and fluid movement
mechanisms;

• numerical solutions of complex equations of fundamental laws governing the
process.

There are many models and correlations available in the literature for different
coating types. Researchers mathematically described boiling heat transfer to suit
their own ideas of the physical phenomena of boiling. Smirnov and co-workers
[5, 6] experimentally and theoretically analysed boiling heat transfer on meshed
surfaces. The model considers that vaporisation occurs in each elementary cell of the
microstructure. The heat flux (q) can be determined with the following formulae:

q = C
6

√
rσλ3

1

ν1
(1 − ε)

5
6 3
√

λeff

(
�T − �T ∗

L0

) 5
6

(1)

where C—constant, r—heat of vaporisation, λ—thermal conductivity, ε—porosity,
σ—surface tension, ν—kinematic viscosity, �T—temperature difference (super-
heat), l—liquid, eff—effective. The specific dimension L0 is expressed as

L0 =
{
a

[
(a + d)2 − a2

4a

]4
}0.2

(2)

where ‘a’ is the mesh aperture (distance between the wires) and ‘d’ is the wire
diameter on the considered mesh.

The model presented above enables to provide heat flux values for the given
parameters of the sample and the temperature difference. It is relatively simple;
however, it is worth verifying if it provides proper heat flux values of samples other
than those tested by the authors of this model.

4 Results and Discussion

Based on the experimental results, the comparison of the obtained data with the
calculations in accordance with the model presented above has been done. Figures 3
and 4 present the results for pool boiling on multilayer structures for distilled water
and ethyl alcohol, respectively. The measuring points on the graphs were recorded
for increased value of heat flux.



Boiling Heat Flux of Multilayer Mesh Microstructures 569

Fig. 3 Comparison of
experimental data and
calculation results according
to Smirnov et al. [5, 6]
model, boiling liquid:
distilled water;
1a—two-layer mesh coating
(experimental data as in [7]);
1b—two-layer mesh coating
(calculation results),
2a—three-layer mesh
coating (experimental data as
in [7]); 2b—three-layer mesh
coating (calculation results)
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Fig. 4 Comparison of
experimental data and
calculation results according
to Smirnov et al. [5, 6]
model, boiling liquid: ethyl
alcohol; 1a—two-layer mesh
coating (experimental data as
in [8]); 1b—two-layer mesh
coating (calculation results),
2a—three-layer mesh
coating (experimental data as
in [8]); 2b—three-layer mesh
coating (calculation results)

63 4 5 7 8 9 10

100

q,
 k

W
/m

2

θ, K

 1a
 1b
 2a
 2b

As can be seen in Fig. 3, congruence between the experimental and calculation
results is very satisfactory in the case of water boiling. However, if the working fluid
is ethyl alcohol, the determination of heat flux can be considered satisfactory only
for low superheats.

Development of a model or a correlation that could successfully predict the
performance of microstructure coated heaters (not only mesh coated surfaces) is
undoubtedly challenging; however, it could lead to better design possibilities of heat
exchangers used in refrigeration, electronic cooling and other areas of engineering.
Especially challenging could be the development of the universal model that could
be successful for the use with irregular microstructural coatings as well.
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5 Conclusions

Meshes can increase the heat flux value exchanged during pool boiling. However, a
reliable model of enhanced heat transfer phenomenon is still not available. Undoubt-
edly, more work needs to be done in this area since the knowledge of phase-change
processes is crucial for correct design of heat exchangers used, for example, in refrig-
eration systems or cooling of electronic devices. It needs to be noted that microstruc-
tures can also be used in flow boiling applications [9, 10]. Although the present
paper deals with pool boiling, laser-treated surfaces can also be highly effective in
the flow boiling heat transfer mode as indicated in [11, 12]. Future experimental and
theoretical work of the authors would also cover boiling heat transfer of new and
more efficient cooling agents such as nano fluids.
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Properties of Steel Welded with CO2
Laser

Norbert Radek, Jacek Pietraszek, Jozef Bronček and Peter Fabian

Abstract This paper discusses the effect of selected parameters of laser welding
on the mechanical properties of welds. Two parameters were analysed: the welding
speed and the laser power. The properties of the material in the fusion zone and the
heat-affected zone were determined by performing static tensile tests, hardness tests
andmicroscopic analysis. Theweldingwas carried out using aCO2 laser (wavelength
λ = 10.6 µm). The specimens were 0.8 mm in thickness, and they were made of
DC04 steel. The results indicate that welds produced at different welding parameters
have similar mechanical properties. The experiment was conducted and analysed
according to requirements of the design of experiment methodology. Laser beam
welding allows us to join various dissimilar metals, which have not been possible
with conventional methods. It should be emphasized; however, that not all metals are
suitable for laser welding; it all depends on their thermal and structural properties.
For example, tin, aluminium, lead, tantalum and tungsten are generally difficult to
weld.

Keywords Laser welding · Fusion zone · Properties · OFAT ·Main effects ·
Effects analysis

1 Introduction

We are currently observing the dynamic development of laser techniques inmaterials
processing. The laser beam can be used for cutting, welding, surface modification,
etc. [1–5].
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The process of laser beam welding involves melting the edges of the metals to
be joined with a focused beam of radiation at a power density of 104 ÷106 W/mm2

[6]. The development of lasers with a high input power made it possible to join thick
plates by directly melting the adjacent edges with no need to chamfer them or use
time-consuming filling of the bevel groove. This method of fusion is also used in
electron beam welding, but the process has numerous disadvantages, for example,
the necessity to place the elements to be welded in vacuum, the necessity to remove
random magnetic fields as well as the necessity to protect the workpiece against
X-ray radiation occurring during high-voltage electron beam welding [7].

The process of laser welding has the following advantages:

• high purity of the process (dependent on the surface preparation and gas purity),
• joining difficult to weld materials,
• easy automation,
• welding with high precision (e.g. joining thin and thick elements),
• high speed of the welding process,
• one source of radiation for several welding stations,
• welding performed under atmospheric pressure (by contrast, electron beam
welding is performed in vacuum),

• high power density (in the case of deep welding), and as a result, small distortions,
• narrow heat-affected zone.

The work discusses the properties of laser-welded joints. Properties were deter-
mined based on the results of microstructure analysis, hardness tests and static tensile
tests with statistical analysis support.

2 Materials and Methods

2.1 Materials

The specimens to be tested were cut from a steel sheet 0.8 mm in thickness. As
a material resistant to ageing, DC04 steel is used extensively in high-performance
applications including deep drawing and drawing and in the transport industry. DC04
steel is characterized by good weldability which means no special preparation of the
work is needed. Table 1 shows the chemical composition of DC04 steel, respectively.

Table 1 Chemical composition of DC04 steel

Steel grade Maximum content [%]

C Mn P S Ti

DC04 0.08 0.40 0.030 0.030 0
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Fig. 1 Shape and dimensions of the specimens used in the tests

The specimens were prepared by cutting themwith a laser from a steel sheet. They
were then cut into two equal parts to be laser welded. The dimensions and shape of
a single specimen are presented in Fig. 1.

2.2 Welding

Laser cutting and welding were performed by means of a Lasercell 1005 CO2 laser
(wavelength λ = 10.6 µm). A photograph of the Lasercell 1005 is shown in Fig. 2.

Fig. 2 Trumpf Lasercell 1005 CO2 laser
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Table 2 Values of the main
process parameters

Number of the
laser pass line

Laser power P
[kW]

Welding speed v
[m/min]

A 1.5 3

B 1.8 3

C 2 3

D 2.5 3

E 2 2

F 2 2.5

G 2 3.5

H 2 4

I 2 5

Thewelding testswere conducted according to one-factor-at-time (OFAT) scheme
[8] i.e. selectively changing one factor, while others are fixed. It allows to investigate
main effects with negligible/ignored interactions. Two parameters were changed:
the laser power at four levels and the welding speed at six levels. According to the
literature [9–11], these two parameters have the greatest influence on the quality of
welds.

Table 2 provides the parameters of laser welding used during the tests.

3 Analytics

The analysis of the properties of the joints produced by laser welding involved exam-
ining their microstructure, measuring their hardness and performing static tensile
tests.

Themicrostructural observationswere conducted using a Joel JSM-5400 scanning
electron microscope. The hardness was measured with a NEXUS 4304 tester at a
load of 1 kg applied for 10 s. The static tensile tests were carried out using a LabTest
5.20SP1 universal testing machine.

4 Results

The macroscopic analysis of the laser pass lines and the phenomena accompanying
the welding process helped select the main parameters of laser welding: the laser
power and the welding speed.

The laser pass linesA–Dwere formed at awelding speed of 3m/min, and an initial
power of 1.5 kW gradually increased to 2.5 kW. When the pass line was produced
at a power of 1.5 kW, plasma was not present. At a power of 1.8 kW, a small plasma
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cloud was observed, but its influence on the welding process was negligible. When
the laser pass line was formed at a power of 2 kW or 2.5 kW, a positive effect of the
plasma cloud was observed.

After the macroscopic examinations of the laser pass lines, it was assumed that
the tests would be conducted at a laser power of 2 kW. During the next five tests,
the laser pass lines E–I were produced by changing the welding speed from 2 to
5 m/min, with the laser power being constant (P = 2 kW). It was found that when
the welding speed was 5 m/min, the weld penetration was incomplete (pass line I).

The experimental data were analysed to select the laser welding parameters:

• laser power P = 2 kW;
• spot diameter d = φ2 mm;
• welding speed v: 2; 2.5; 3; 3.5; 4 m/min;
• shielding gas: argon Q = 10 l/min;
• preheat time t = 5 s;
• pulse repetition rate f = 30,000 Hz;
• nozzle-workpiece distance �f = 0 mm.

The tests were conducted for five series of laser-welded specimens and one series
of unwelded specimens, where the base metal was DC04 steel. There were three
specimens in each series numbered from 0 (base metal) to 5 (where v = 4 m/min).
Figure 3 shows examples of the specimens from series 0–5.

Fig. 3 Examples of
specimens from series 0–5
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5 Discussion of Results

5.1 Microstructure Analysis

Themicrostructure of thewelded jointswas analysed using a Joel JSM-5400 scanning
electron microscope.

The microscopic examinations of the welded joints were performed on polished
metallographic specimens in the plane perpendicular to the weld, which enabled
observation of the fusion zone and the heat-affected zone. It was also possible to
analyse the structures formed and to measure the width of the heat-affected zone
(HAZ). The aim of the analysis was to compare the resulting microstructures of the
welded joints and to determine how variable values of the welding speed affect the
shape of the weld.

The laser welding process is characterized by very high heating and cooling rates,
which lead to the narrowing of the width of both the fusion zone and the heat-affected
zone.

Figure 4 shows an image of the microstructure of the base metal. The results sug-
gest that the base metal had a coarse-grained ferrite–pearlite structure. From Fig. 4,
it is clear that the grains are arranged in bands, which indicate that the production of
steel sheets (DC04 steel) involved rolling.

The analysis of a specimen of series 1 showed that the material in the HAZ had a
fine-grained ferritic–pearlitic microstructure with visible metallic precipitates in the
pearlite grains.

Fig. 4 Ferritic–pearlitic microstructure of the base metal (× 1000 magnification)
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Fig. 5 Widmanstätten structure in the fusion zone (× 1000 magnification)

For a specimen of series 1, a Widmanstätten pattern was observed in the fusion
zone (Fig. 5). It contains plate-shaped ferrite precipitates running at 60° and 120°. The
occurrence of the Widmanstätten structure indicates that the steel was overheated,
which caused a decrease in the mechanical properties of the weld.

The microscopic examinations were performed to determine the influence of dif-
ferent welding speeds on the microstructure and shape of the welds. It was found
that the welding speed affected the weld shape and the penetration depth.

The higher the welding speed, the smaller the penetration depth and the more
narrow the fusion zone; there was also a change in the direction of the fusion line
resulting from a change in the weld shape from mushroom-like to triangular.

When the welding speed was too low, the width of the fusion zone and the width
of the heat-affected zone increased.

5.2 Hardness Tests

The hardness of the material was measured using the Vickers method. The inden-
tations were made in all the specimens of series 1–5 prepared as metallographic
specimens. The measurements were taken on surfaces perpendicular to the three
zones: the fusion zone (at the face), the heat-affected zone and the base metal.

The values of the hardness in the base metal zone obtained for all the specimens
were comparable. It can be assumed that the specimens had a similar structure with
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no microdefects that would contribute to the weakening of the material. The average
hardness in the base metal zone for all the specimens of series 1–5 was 105 HV1.

The analysis of the hardness of the material in the heat-affected zone indicates
that the highest values were reported for a welding speed of 3.5 m/min (a series 4
specimen). The average hardness in the HAZ obtained for that specimen was 184
HV1. For the specimens of series 1–5, the average hardness in the HAZ was 38%
higher than the average hardness in the base metal zone.

The highest hardness at the weld face was reported for a specimen of series 4; the
average value was 256 HV1. The lowest hardness in the fusion zone was reported
for a specimen of series 3 (v = 3 m/min); the average hardness for that specimen
was 236 HV1. The phase transitions that occurred in the heated material during
its rapid cooling contributed to the material hardening both in the fusion zone and
the heat-affected zone. The phase transitions were responsible for the formation of
martensite-like and ferrite–bainite structures, which improved the material hardness.
The average hardness in the fusion zonewas 31% higher than that in the heat-affected
zone.

5.3 Static Tensile Tests

All the specimens (series 0–5) were subjected to tensile testing. The aim of the static
tensile tests was to analyse the behaviour of DC04 steel after welding at different
process parameters (welding speed).

Before tests, the specimensweremeasured to determine their width and thickness.
Each measurement was performed three times to minimize measurement errors.
Then, the arithmetic mean width and thickness were calculated separately for each
specimen. The data loaded into the test system program were: the dimensions of
the specimens (a constant thickness of 0.78 mm, a constant gauge length of 60 mm
and a variable width), their mass (assumed to be 13 g) and the test speed (first,
v0 = 10 mm/min, then, after a force F0 of 100 N was reached, v1 = 5 mm/min,
and finally, after four tests, the speed was changed into v2 = 10 mm/min because
the duration of a single test was too long). A reference file created on the basis of
these parameters was used to automatically calculate the results for each specimen.
Initially, the deformation criterion was 30 mm, and the drop in the tensile force was
95%. After two tests, the deformation criterion was changed into 40 mm because
of the high plasticity of the material. The tests were carried out at a temperature of
20 °Cwithout the use of an extensometer. The first test was performed for a reference
specimen in order to set the reference ranges for the parameters and check whether
the assumptions were reasonable. The static tensile tests were conducted for the
particular specimens starting from series 0 and ending with series 5. Before each
test, the values of displacement and force were set to zero.

The analysis of the tensile test results shows that the unwelded specimens (series 0)
had lower values of the offset yield strength (R0.2) and the ultimate tensile strength
(Rm) but better plastic properties than the welded specimens. The values of the
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Fig. 6 Cumulative results showing the offset yield strength for all the specimens studied

Fig. 7 Cumulative results showing the tensile strength for all the specimens studied

uniformelongation (elongation before the ultimate tensile strengthRm is reached) and
the total elongation (elongation at break) are the highest for the unwelded specimens.
It is thus evident that the presence of a welded joint improves the tensile strength but
reduces the plastic properties of the material.

Figures 6 and 7 illustrate the cumulative results concerning the ultimate tensile
strength and the offset yield strength reported for all the specimens under study.

Analysing the values of the offset yield strength and the tensile strength for all the
welded specimens (Figs. 6 and 7), we can conclude that, because of the randomness
of the results, it is difficult to specify whether there is an upward or downward trend.
The highest stability of results was reported for the series 1 and 4 welded specimens.

The differences in the strength and plasticity of the specimens may be due to
plasma instability, the related changes in the laser radiation absorption conditions
and the heat transfer from the plasma to the material. This phenomenon can be
prevented, for instance, by applying a laser beam to the surface of the material with
a burning plasma (in argon) or to the surface of an unwelded section of the metal.
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6 Conclusions

The shape and thickness of the welds as well as the width of the heat-affected zone
are dependent on the welding speed.

Comparing the mechanical properties of the unwelded specimens (series 0) with
those of the welded specimens, we can see that the laser welding process slightly
improved the strength properties of the material but significantly reduced its plastic
properties. The worsening of the plastic properties caused that the total elongation
of the welded specimens was smaller than that of the unwelded specimens.

The hardness measurement results confirm that the welded specimens are not
homogeneous but very complex in structure.

An increase in the welding speed caused visible, irreversible structural changes in
the fusion zone and the heat-affected zone, which were attributable to high heating
and cooling rates. The changes included refinement of the grain structure and higher
hardness.

The obtained results are characterized by a large influence of interfering factors,
which are probably caused by ignoring the interaction between the laser power and
the feed rate. It strongly suggests to use in future investigation the factorial approach.
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Determination of Mechanical Properties
of FRP by Bending Test

Martina Ryvolová and Josef Vosáhlo

Abstract The determination of themechanical properties of the designingmaterials
is carried out in various ways by using standard procedures. The basic test is the
tensile test, from which it is possible to determine directly Young’s tensile modulus-
E [Pa]. Somematerials can not be tested by this procedure. These aremainly building
materials (concrete), some plastics and composites, glass and ceramics. The biggest
problemof thesematerials is the clamping of the ends of the test specimens in the jaws
of the tearing machine. The tensile test is replaced for these materials by a bending
test to determine the mechanical properties. The bending test can be performed with
a simple supported beam, which is loaded with alone force—it is a three-point bend
test or a beam that is loaded with a pair of forces—it is a four-point bend test.
The bending modulus and the stiffness characteristics of the material are results
of measurement. Bending modulus can be recalculated using the cross-sectional
characteristics of the test specimen to the tensile modulus. The article describes the
basic differences between the two variants of the bending test, the course of loading
and deformation. The results obtained by measuring on composite specimens were
verified using mathematical models and their degree of agreement was determined.

Keywords Four-point bending · Fibers reinforced plastic · FE model

1 Introduction

Short-term static strains are among the most commonly used ways of detecting
mechanical properties ofmaterials. The test principle is based on a short-term defined
load on the test body/specimen at low speed until its failure or a predefined defor-
mation. The test is conducted under predetermined conditions. Tension, pressure,
flexure, torsion and shear are the most common tests.
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The tensile test determines the basic characteristics of the material—tensile
strength limit, tensile strength, elongation, and contraction. Quantities are used to
assess quality ofmaterials, for design calculations and for a general assessment of the
suitability of technological operations. The tensile test determines the yield strength
and tensile modulus directly. Specimens of brittle materials (such as cast materi-
als—gray cast iron, building materials—concrete, ceramics, glass and some types
of plastics) cannot be clamped into the jaws of the tearing machine. The flexure test
replaces the tensile test for these cases.

Bending test serves to evaluate weld joints, provides important information on
the behavior of the material under flexural stress, the measurement result allows for
determination of bending modulus and tensile modulus. The bending test is carried
out in such a way that the beam-shaped body is mounted on two supports at a
prescribed distance. Two variants of test are used (Fig. 1); the alone force acts on
the body in the middle between the supports—the three-point bend test or a pair of
forces acting on the beam at a certain distance—the four-point bend test. The load,
which gradually increases, causes the test body deflection. Deflection is measured
until damage or irreversible deflection of test body [1, 2].

The synergistic interaction of the fibers and the matrix (definition of fibers rein-
forced composite material) makes it possible to produce composites with mechan-
ical properties which go beyond properties of conventional construction materials.
Thick-nets of the wall are achieved by connecting of individual layers. Lamina is
the name for one layer; laminate is consisted of several layers. Material composi-
tion and type of reinforcement determine the composite material properties [3]. The
reinforcement in the layer may be oriented one-direction (using fibers oriented in
one-direction), two-direction (using a woven fabric or biaxial warp knitted fabric),
multi-direction (using three to multiaxial warp knitting fabric), at random direction
(using non-woven structures) and multi-direction in space (using 3D woven, knitted
and braided structures). The mechanical properties of the laminate are achieved by
the appropriate orientation of the fibers in the individual layers and the composition
of the layers in composite [4].

Fig. 1 Arrangement of a three-point bending test, b four-point bending test
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The properties of fibers reinforced laminates are determined by the four-point
bend usually. A result of four-point bending test is more accurate and is eliminated
damage to the test specimen at the area of action of the test equipment, which in the
case of using a three-point bending test cannot be avoided. For the four-point test
arrangement, the maximum flexural moment Mo and the maximum flexural stress
in the region between the two forces being applied are constant. The test body is
stressed the flexure only. The maximal deflection y [mm] and maximal force [N] are
usually measured [5].

2 Experiments

2.1 Material Properties

Composite tubes were prepared to determine the mechanical properties. Base of
test specimens were tubes made by pultrusion with unidirectional-oriented carbon
fibers in epoxy matrix. These tubes have good mechanical properties only in the
longitudinal direction. The aim of the experiment was to improve the mechanical
properties by adding other directionally-oriented layers from two different materi-
als. The four-point bend test was used for the measurement. Themathematical model
of the experiment was created for comparison. Two layers of fibers have been added
to improve mechanical properties. First variant of material was carbon fibers; second
variant of material was flax fibers—UD prepregs with epoxy resin. Improving the
mechanical properties of the tube was the task of the experiment. Material composi-
tion, laminate composition, dimensions and average specimen weight are shown in
Table 1.

Properties of carbon and flax fibers were determined using tensile strength test.
One-layer specimenwas prepared for test. Orientation of layers and average of results
measurement are shown Table 2.

A four-point bend test was performed until the test specimens were broken.
Figure 2 shows the graphs of dependence force and deflection for both variants
of specimens with carbon and flax fibers.

Table 1 Specimen composition

Signature Material Composition Weight (g) Length (mm) Diameter (mm)

C CF UD 60 330 12; 14

C_CF CF/CF UD/+45°/−45° 108.5 330 12; 15.6

C_FF CF/flax UD/+45°/−45° 218 330 12; 16
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Table 2 Carbon fibers and flax fibers prepreg properties

Specimen Orientation (°) Thickness (mm) Fmax (N) Rmax (MPa) E (GPa)

C0 0 0.5 5272.2 1076.5 37.11

C90 90 0.5 106.91 27.07 8.2

C45 45 0.5 46.67 11.81 4.9

F0 0 0.5 1598.28 159.83 9.05

F90 90 0.5 66.08 6.61 1.25

F45 45 0.5 101.65 10.16 1.37

Fig. 2 Graphs (left) dependence F—wmax for UD carbon tube/CF, (right) dependence F—wmax
for UD carbon tube/FF

2.2 Mathematical Model

The results obtained from the tensile tests on the UD specimens and from four-point
bending test on composite tubes were the input data to the SolidWorks program
for creating the numerical model [1]. The created models were imported into the
Ansys software, where model topology was modified. The material model was cre-
ated as orthotropic elastic model. Linear elasticity in an orthotropic material is most
easily defined by giving the materials constants (Young’s modulus, Poisson’s ratios
and shear modulus) associated with the material’s principal directions. The model
of tested specimen was created as a conventional shell composite layup. Contacts
between support and specimenswere set to non-friction typewithAsymmetric behav-
ior and normal Lagrange definition [2]. Sample models, supports, and test equipment
have embedded mapped networks combined with 2 mm Face Sizing. For mesh cre-
ating was used the total number of 18,792 nodes and 14,192 elements [6]. Supports
have been set to fixation boundary conditions that prevent movement and rotation to
all sides. Perpendicular to the model of specimen, a sliding boundary condition with
average values of deflection was set in the test equipment [7, 8] (Fig. 3).
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Fig. 3 Four-point bend geometry and embedded boundary conditions

3 Results

Four-point bending test was realized for three groups of specimens. Average values
of experimental results (maximum force and deflection) are shown in Table 3. The
value flexural stress σ o [MPa] was calculated using Eq. (1) [9]:

σ0 = 16 FLD

3π
(
D4 − d4

) (1)

where F-Force [N], L-Support span [mm], D-External diameter [mm], d-Internal
diameter [mm].

Detection of cracks and defects was performed inside the tubes in location of the
action of test equipment. Figure 4 shows rupture of fibers inside C_CF composite
tube. Figure 5 shows damage of C_FF composite structure. In this case, fibers were
not ruptured.

Table 3 Result of
measurement

Specimens Fmax (N) ymax (mm) σ o (MPa)

C 212.83 3.21 172.40

C_CF 570.83 6.18 234.04

C_FF 561.25 7.79 202.05

Fig. 4 Specimens with carbon fibers; damage to the fibers in the location of the action of test
equipment
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Fig. 5 Specimenswith flax fibers; damage to the fibers in the location of the action of test equipment

The output of the simulation was set to have maximum deflections and stresses,
depending on the action of the test equipment. The first group of specimens, where
the 0° orientation of the fiberswas used, was amaximal deflection of 3.1mm (average
of measurement values) and von Mieses stress 397 MPa, see Fig. 6. For the C-CF
group specimens were used deflection 6.2 mm, and for the C-FF group specimen was
used deflection 7.8 mm. The values of von Mieses stress were determined (sample
in Fig. 7).

Fig. 6 Equivalent stress (von Mieses) for model C

Fig. 7 Equivalent stress (von Mieses) for model C-CF
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4 Conclusions

Mechanical tests of composite specimens from carbon and flax fibers have been
performed. Four-point bending test was performed for tubes specimen with specific
layers orientation and carbon and flax fibers. The data obtained from the measure-
ments was further used to creation of numerical model. The results of numerical
simulations show a relatively good agreement with the performed tests.
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Design of Belt Wheels Using the 3D
Printing Method

Patrik Sniehotta

Abstract This article deals with the design a manufacturing of belt wheel for bicy-
cles, with the help of 3D printing. The market with bicycles, that use belt instead of a
traditional chain, is growing steadily. In the design process of a new bicycle model,
you need to quick check, if the proposed belt wheels fit into the frame. Even in time
of 3D CAD applications, a physical check is necessary to confirm the design. Also,
a physical model is helpful to tray the assembly process. For small companies, it is
expensive to buy multiple belt wheels, with different tooth numbers, just to confirm
the proposed design. On the other hand, some companies want to use her own belt
model, for which is no belt wheel for bicycles. Here comes 3D printing handy. This
method if fast and flexible, and in small series can be cheaper then belt wheel made
by traditional methods. This article deals with the problem of designing a belt wheel
from a given belt model and different 3D printing methods for their production.

Keywords Belt wheel · 3D printing · Bicycle

1 Introduction

The impulse for this article was a bachelor’s thesis that dealt with the measurement
a right installation of a belt drive for bicycles. Belt drive is for a bicycle an unusual
drivetrain. Normally bike manufacturers use a chain and chain wheels to transfer the
power from the bicyclist’s legs to the back wheel. It is a proven, reliable and cheap
solution, which has some drawbacks. The biggest disadvantage is that a chain needs
to be lubricated to ensure a smooth and quiet ride. But most lubricants are sensitive
to water and they get washout with time. Also, from the lubricant you can get dirty.
For cyclist that commutes in a city or uses his bicycle for daily movement around
the city, can be the need of regular maintenance a big impracticality.

On the other hand, a belt drive is almost maintenance-free, no lubricant is used,
is dirt resistant and you can clean it with normal water. These are big benefits for the
user.
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Fig. 1 Example of a belt
drive dirty by mud [1]

For the bicycle, designer creates the use of belt drive some significant issues. The
major drawback of belt drive is, that the chainstay must be split into two parts, that it
is possible to install the belt. Unlike by a chain that can be uncoupled a belt is made
out of one endless piece. Also, a belt drive needs a tensioner to provide the required
tension of the belt. Last but not least, the frame and components for the belt drive
require much more accurate tolerances (Fig. 1).

All these problems require the designer a bigger attention to the design of the
frame. Also, in the prototype phases it is the bigger need to test the design belt drive,
if, for example, the selected gear ration is correct or the belt wheels are collinear.
For these reasons, there is a bigger need for belt wheel prototypes. This prototyping
is 3D printing method very useful but has his rules [2, 3].

2 Methods and Materials

The first step by designing a new belt drive is the right belt choice. Actually, there
can be used any toothed belt. The only problem is the strength of the belt. Typical
for bicycle use, it is a belt with half-round profile. We choose the CBD belt from
Continental that was special designed for cycling. This belt is reinforced with carbon
fiber, so it can be narrow and light (Fig. 2).

At the beginning, we also did buy the CBD belt sprocket also from Continental.
The special about this sprocket was that it was the first bicycle belt sprocket made
completely out of plastic using injectionmolding. This method dramatically dropped
the price of bicycle belt system (Fig. 3).

After then we modeled both belt and sprocket in Autodesk Inventor and Das-
sault Systèmes Solidworks to see in which application it will be easier to design
the sprockets. In the end, we found that for sprocket design is Inventor the better
application (Fig. 4).
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Fig. 2 Continental CBD belt [4]

Fig. 3 Continental CBD sprocket [5]

Fig. 4 Sprocket designed in autodesk inventor
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Fig. 5 Bended belt model in solidworks

But for model the bended belt is better Solidworks, because it has better function
for bending straight part. The bended belt model is needed to check if the sprocket
model has the right geometry and pitch (Fig. 5).

For the 3D printing, we choose three 3D printers. Two were printers for home
use, which are cheap to purchase and for use. These printers print from a polylactic
acid (PLA) wire. Specifically, it was:

• FELIX Pro 2.
• PRUSA I3 MK3.

The third printer was a professional Laser-Sinter-System EOS P 396 printer that
prints selective laser sintering (SLS) method. The material was polyamide PA2200.
It creates a more homogeneous structure, that is much stronger and can be also later
machined. On the other hand, parts from this type of printer are more than ten times
expensive [6, 7].

Due to this price difference, there was the question if there is the need to use
always the better but more expensive method.

3 Results

We printed several sprockets with all three printers and from the site of the resulting
print quality were the best parts made with the SLS method [8] (Fig. 6).

Sprockets made by this method had the most accurate dimensions, it was easy to
program and it could be machined by a grinder. This is very useful in the prototyping
time where you need, for example, grind an edge or a hole.
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Fig. 6 Sprocket made by SLS method

The sprocket made out of the PLA variate significantly in the resulting quality.
But it was not the fault of the method. The problem was the operator of the printer,
which programs the trajectory, how the part is printed. The result was fibers hanging
from the part and an inaccurate geometry. These printers make first an “accurate
shell” of each layer and then fill the space between. The operator can choose how
thick or thin the shell would be. This initial setting fundamentally affects the quality
of the resulting part [8] (Fig. 7).

When the operator has a good knowledge of printing such complex parts, like these
belt sprockets are, then geometric accuracy of the resulting parts can be compared
with parts made with the SLS method.

However, there are of course some drawbacks that even a good operator can not
compensate, compared to the SLS method. The layers of the material are thicker, so
the resulting surface quality is rougher. Alsomachining (e.g., grinding) is muchmore
difficult. The reason is that the material is actually not homogeneous. The PLA wire
has a round profile and when then fibers are lying between each other, they create
small gaps. Therefore, you do not know how much resistance the material will make
(Fig. 8).

Fig. 7 Example of bad printing
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Fig. 8 Example of good printed sprockets, made out of two parts

Also, when the part is to complex, it has to be split into several parts and then glued
together. This brings into the process a potential inaccuracy. The gluing requires some
additional time and work.

4 Discussion

We found that both methods are useable for belt drive sprockets, but each is better
for another purpose. The PLA method is powerful in the preliminary design when
you have to check if, for example, the sprockets do not collide with the frame. You
can then very fast and cheap test different sizes of sprocket or different mounts.

When all the basic problems are sort out, the SLS method is to recommend for
the functional testing of the whole bike. The material is then stronger and shapes
are more accurate. That ensures minimum of problems with the sprocket during
testing of the bicycle. The testing phases of a new bike demanding and expensive, so
as bicycle manufacturer you so few problems it is possible because every problem
costs money.

In the regular production, you can choose between both methods. When you are
a small bicycle manufacture, the PLA method has the lowest costs, but you have to
optimize the method for the regular production and check the quality with every part.
The sprockets made with the SLS method are more expensive, but not so expensive
like with injection molding. The sprockets offer the high performance. When you
are a big manufacturer and you assume a large quantity, then the injection molding
would be, from a certain number of pieces, a better choice. The form for the injection
molding is expensive, but then costs come back with every produced piece.
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5 Conclusions

The 3D printing method is a good choice for testing the belt drive in the early stages
of bicycle development. In development phases, both methods find their use. In the
regular production, also both methods can be uses, but the SLS is recommended,
because it has a better overall quality, performance and has lower risk of complaints.
For large series is the best choice after the development phases to invest into an
injection molding form. This method has then the lowest production costs.

This process can be used not only for belt drives, but also, for example, for
small gearboxes (e.g., for drones, toys, etc.) or other application where is a power
transfer. Especially for gearboxes has this method a big potential. The conventional
prototyping methods can be then replaced with 3D printing. This will then speed up
the whole process.
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Performance of a Manually Fed Pelleting
Machine with a Horizontal Rotating
Matrix

Gurkan Alp Kagan Gürdil, Bahadır Demirel, David Herak
and Yunus Özcan Baz

Abstract This study analyzed the performance of a pelletingmachinewith amanual
feeder and with a horizontal rotating matrix. Hazelnut husk residue obtained after
hazelnut harvesting is used as a material. The residues were pelleted at M10 mois-
ture content and with 6 mm particle sizes. Physical properties (bulk density, pellet
density, mechanical duration and pellet firmness, moisture and equivalent humidity
contents) and thermal properties (gas emission values after combustion, ash con-
tent and calorific values) of the pellets were measured. Pellets bulk density was
584.44 kg m−3. Particle density, mechanical durability and firmness values were
1238.20 kg m−3, 93.26% and 1146.00 N, respectively. Regarding the emission val-
ues, the pellets’ flue gases were within the legal limits and had a heating value of
4196 cal g−1, which is close to the heating value of wood. In conclusion, the pelleting
machine with a horizontal rotating matrix was found to be very suitable for pelleting
hazelnut husks, and this means that this agro-based residue material can be readily
used as a solid fuel.

Keywords Bioenergy · Hazelnut · Pellet · Residue

1 Introduction

Biomass defined as different materials of biological origin mainly plant material and
animal wastes [1, 2] used primarily as a domestic energy source is naturally abundant
and present a renewable energy opportunity that could serve as an alternative to fossil
fuel. Behind coal and oil, biomass is the third largest energy resource in the world [3]
having dominated the world energy consumption until the mid-nineteenth century
[4]. Utilization of agricultural residues is often difficult due to their uneven and
troublesome characteristics. Compacting technologies have been in operation for
over 150 years [5]. The process of compaction of residues into a product of higher
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density than the original raw material is known as densification. Densification has
aroused a great deal of interest in developing countries all over the world lately as a
technique for upgrading residues as an energy source [6]. Densifying the agricultural
residues can be done either in the form of briquettes or in pellets. Both methods
increase the specific density (gravity) of biomass to more than 1000 kg/m3 [7, 8].
Worldwide using refined material in recent times is mostly in the form of pellets. The
main advantage of pellets is the possibility of fully automated delivery in the process
of combustion, alongwith very precise regulation of the combustion process, even for
low-performance furnaces [9]. Hazelnut production is one of the major agricultural
products for Turkey, especially in Black Sea Region. The husk of hazelnut is the
outer part of the shell which binds it to the branch. The shelled hazelnut is taken out
of husk during harvesting. It is reported that Turkey has produced more than 70%
of the world’s hazelnut need with 675,000 tons [10]. The study used the husk of
hazelnut as a material. The objective of the study is to analyze the performance of
a pelleting machine with manual feeder and with a horizontal rotating matrix. The
residues are pelleted at M10 moisture content and with 6 mm particle sizes (PS).
Physical properties (bulk density, pellet density, mechanical duration pellet firmness
andmoisture contents) and thermal properties (gas emission values after combustion,
ash content and calorific values) of the pellets were measured.

2 Materials and Methods

This study was carried out in the workshop and labs of Agricultural Machines and
Technologies Engineering Department at Ondokuz Mayis University. Up-to-date
European standard EN 14961-2 (Solid biofuels—Fuel specifications and classes—
Part 2: Wood pellets for non-industrial use) [11] was taken as a reference for this
study. Hazelnut husk agricultural residue which has a big potential in the Black
Sea Region of Turkey was used a material for pelleting. The husks obtained after
harvesting are brought to labs, and they are left under sun during the day for natural
drying. The moisture content of the material is decreased down to 10% and the dried
materials ground by a 3 kW powered hammer mill having eight blades and with two
850 r min−1 rotation speed. For the homogenization of particle size, a sieve having
6 mm sieve diameter is used during grinding. Laboratory-type pelleting machine is
used for pelleting (see Fig. 1).

Pelleting of material is done with a manually fed pellet machine with horizontal
rotating matrix. Figure 2 shows the produced pellets. Tests for determining physical–
mechanical and thermal properties of pellets, flue gas emission values are measured
for determining the quality of pellets. Volume density of pellets is calculated accord-
ing to the EN 15103 EU norms [12] in kg m−3, where the pellets are poured in a pot,
and the ratio of mass to the volume of the filled pot is calculated. Pellet density of
pellets is calculated by stereometric method according to EN 15150 EU standards in
kg m−3, as well [13]. Mechanical durability of pellets is calculated according to EN
15210-1 EU standards [14]. For this, 500 g sample is poured into the testing chamber
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Fig. 1 Manually fed laboratory-type pelleting machine with horizontal rotating matrix

Fig. 2 Hazelnut husk pellets
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and rotated with 50 r min−1 speed for 10 min. Then, the pellets are sifted out by a
sieve having 3.15 mm sieve holes, the oversized pellets are weighed, and the dura-
bility of pellets is calculated. Moisture content of pellets is defined as in EN 14961-2
EU standards [11] by using a desiccator. Pellets are burnt in a pellet stove, and the
flue gas emission values such as O2, CO, CO2, NO and NOx are measured by a gas
emission device. Lower heating values of pellets are determined by a calorimeter
device according to EN 14918 EU standards [15]. Ash contents are then calculated
according to EN 14775 EU standards [16].

3 Results and Discussion

Tables 1 and 2 show some physical properties of grinded material.
In [17, 18], it is reported that the pellet quality is higher when the pellet durability

is 80% or higher. Mechanical durability of hazelnut husk pellets indicated that they
are in high quality. However, the value of it was lower than the values suggested
in EN 14961-2 EU standards [11] for EN plus-A1, EN plus-A2 (≥97.5%) and for
EN-B classes (≥96.5%). This is because of the material used in standards. They
used wood chips only but we used hazelnut husk agricultural residue. This material
is mostly plant-based material rather than wood-based. The difference comes out
due to this original differentiation. But, nevertheless, the produced pellets are good
enough for transportation and storage purposes regarding their mechanical durability
and firmness values. Table 3 shows heating value, ash content and gas emissions of
hazelnut husk pellets.

Ash content values in EN 14961-2 EU standard [11] are given as ≤0.7% for
EN plus-A1 class, ≤1.5% for EN plus-A2 class and ≤3.0% for EN-B class. Ash
content of pellets made from hazel husk residue was more than the values reported
in the particular standard. The reason for this is the pellets given in EU standard

Table 1 Some physical properties of grinded husk material

Particle size (mm) Bulk density of material (kg m−3) Geometrical mean diameter of
material (mm)

6 220.18 1.64

Table 2 Some
physical–mechanical
properties of hazelnut husk
pellets

Properties Value

Bulk density (kg m−3) 584.44 ± 3.88

Particle density (kg m−3) 1238.20 ± 16.08

Mechanical durability (%) 93.26 ± 0.13

Pellet firmness (N) 1146.00 ± 34.08

Moisture content of pellet (%) 878 ± 0.04
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Table 3 Heating value, ash content and gas emissions of hazelnut husk pellets

Ash
content
dry (%)

Heating value dry
(cal g−1)

CO (ppm) CO2
(%)

O2
(%)

NO
(ppm)

NOx (ppm)

7.97 ± 0 4196 ± 0 1383.67 0.90 19.17 121.0 61.67

Table 4 Heating values of
some agricultural materials

Residue Heating value (cal g−1)

Wood 4200

Pruning residues of other fruits and
vineyard

4300

Hazelnut pruning residue 4494

are made from wood chips. However, the heating value of hazelnut husk pellets was
conformable to the value (Q ≤ 19 MJ kg−1) given in that standard. As seen from
Table 4, the heating value of hazelnut husk pellets (4196 cal g−1) is very close to
those of agricultural materials especially, to the heating value of wood (4196 cal g−1).
This means that this agro-based residue material can be readily used as a solid fuel.

4 Conclusions

In this study, a laboratory-type manually fed pelleting machine with horizontal rotat-
ing matrix is designed and developed for utilization of hazelnut husk agricultural
residues to be used as solid biofuel. Pellets with M10 and with 6 mm PS are pro-
duced. To decide the appropriateness of this developed machine, some physical and
thermal properties of the pellets were investigated.

After all the tests, it is found that the developed pelleting machine was suitable
for pelleting agricultural residues. These kinds of researches will help to improve
the design and function of pelleting machines for the future and by this way for the
energy deficiency of the world by converting agricultural residues to energy sources.
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Innovation of Device for Nanofibers
Production Using TRIZ

Petr Lepšík

Abstract The paper deals with the innovation of the device for nanofibers producing
from a free surface of polymer solution. The collector (negative electrode) is one of
the main parts of the device. The original flat collector did not provide sufficient
results at producing 3D nanostructure. The production of 3D nanostructure demands
high intensity of electrostatic field (big force) for obtaining sufficient productivity but
at the same time low intensity of electrostatic field (small force) for obtaining required
3Dnanostructure at the collector. This problem can be solved by the use of themethod
Theory of Inventive Problem Solving (TRIZ) and its tools for physical contradiction
solving. The defining of the physical contradiction, resolving the contradiction by the
use of separation and also inventive principles (especially principle nr. 9 Preliminary
anti-action) are described in the paper. The idea of collector innovation has been
confirmed by the numerical simulation FEM and verified by the experimental way.

Keywords Electrospinning · 3D nanostructure · TRIZ · Physical contradiction ·
Separation principles

1 Introduction

The electrospinning is a fiber production technology, which uses electric force to
draw charged threads of polymer solutions, or polymer melts up to fiber diameters
in the order of some hundred nanometers. The technology allows the production of
nanofibers from polymers solved in water, acids or bipolar solvents and is suitable
for the production of organic high-quality fibers. The numbers of fibers per machine
width are given by the distance of the Taylor cones. The free liquid surface electro-
spinning lets natural physics define this distance, rather than using individual needles.
This allows higher fiber packing density and thus an increased productivity as well
as better fiber homogeneity and more consistent Web morphology. The schema of
the needleless electrospinning setup is shown in Fig. 1.
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Fig. 1 Schema of the needleless electrospinning setup [1]

The productivity of electrospinning process is dependent on the intensity of elec-
trostatic field. The productivity increases with the intensity of electrostatic field,
respectively, with the electric forces. High electric forces cause undesirable flatness
of the fibers in the collector plane.

The main goal of this paper is to show how can be this issue solved with the use
of TRIZ method and its separation principles for physical contradiction solving.

2 Methods and Materials

TRIZ [2–10] presents a systematic approach for understanding and defining challeng-
ing problems: difficult problems require an inventive solution, and TRIZ provides a
range of strategies and tools for finding these inventive solutions. One of the earliest
findings of the massive research on which the theory is based is that the vast majority
of problems that require inventive solutions typically reflect a need to overcome a
dilemma or a trade-off between two contradictory elements. The central purpose of
TRIZ-based analysis is to systematically apply the strategies and tools to find supe-
rior solutions that overcome the need for a compromise or trade-off (contradiction)
between the two elements. TRIZ recognizes technical and physical contradictions.
The physical contradictions involve those situations in which we desire different
properties of a certain parameter. A model of the physical contradiction is shown in
Fig. 2.

The physical contradictions can be solved with the use of main following
separation principles:

• separation in time,
• separation in space,
• separation in system level (separation between the parts and the whole),
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Fig. 2 Model of the physical contradiction

Table 1 Inventive principles
recommended for the
separation principles

Separation principle Inventive principles [2]

Separation in time 9, 10, 11, 15, 16, 18, 19, 20, 21

Separation in space 1, 2, 3, 4, 7, 17, 24, 26

Separation in system level 1, 27, 5, 22

Separation upon conditions 13, 28, 32, 35, 36, 38, 39

• separation upon conditions.

To implement the separation principles, it is appropriate to use the so-called
inventive principles [2] that are also used to solve technical contradictions (see
Table 1).

The described problem of producing 3D nanostructure with high productivity can
be solved by the use of separation principles for solving physical contradiction.

3 Results

The physical contradiction has been defined as: the production of 3D nanostruc-
ture demands high intensity of electrostatic field (big force) for obtaining sufficient
productivity but also low intensity of electrostatic field (small force) for obtaining
required 3D nanostructure at the collector (see Fig. 3).

This contradictory demand is demanded on different time. The force should be
big in time t1 (a moment of Taylor´s cones creations), and the force should be small

Fig. 3 Defined physical contradiction
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Fig. 4 Idea of the use of
flowing gas against the
direction of forming fibers
[11]

in time t2 (a moment when flying fibers meet the collector). If contradictory demand
is demanded in different time then the principle of separation in space should be
used.

The inventive principles (9, 10, 11, 15, 16, 18, 19, 20 and 21) can be used for
ensuring separation in time. First of the recommended inventive principle is the
principle nr. 9 Preliminary anti-action. This principle says:

• If it will be necessary to do an action with both harmful and useful effects, this
action should be replaced with anti-actions to control harmful effects.

• Create beforehand stresses in an object that will oppose known undesirable
working stresses later on.

The application of the inventive principle 9 Preliminary anti-action can consist it
introducing flowing gas from collector against the direction of fibers creating (see
Fig. 4).

4 Discussion

The influence of flowing gas into nanostructure has been studied using FEManalysis.
The results show required aeration of the nanostructure and thickness increasing of
structure in the areas of collector jets. The structure deformation in time t is shown
in Fig. 5. The FEM analysis has been used for optimization of the collector design
and the flowing gas parameters.

The influence of the flowing gaseous medium against the direction of spinning
was verified in an experimental manner (see Fig. 6). The experiment has shown that
the dynamic effect of pressure on the surface of the non-homogeneous nano-fibrous
structure causes the structure of the fiber reorganization. The flowing gas penetrates
the structure and expands the space between the layers not only at the nozzle area but
among them. This is because gas flows also in the pores of the forming nano-fibrous



Innovation of Device for Nanofibers Production Using TRIZ 609

Fig. 5 FEM analysis—the structure deformation in time t [11]

Fig. 6 Experimental
verification—electrospinning
with the use of flowing gas

structure. The value of the maximum thickness of the real structure formed by the
flowing gas was measured microscopically.

The results obtained by the FEM analysis and the experimental method corre-
spond. The FEM analysis and the experiment confirmed the expectation of positive
influence of flowing gas for creation of 3D nanostructure.



610 P. Lepšík

5 Conclusions

The presented task demonstrated the suitability of using tools of TRIZ method in
identifying and solving the problem of fiber arrangement in the collector plane.
The problem was defined in the form of physical contradiction when an opposing
requirement was placed on one parameter of the technical system. The problem
of physical contradiction can be solved by the separation principle of separation in
time, using the inventive principle nr. 9 Preliminary anti-action. This principle can be
accomplished by blowing the gaseous media from the collector against the direction
of spinning. The influence of flowing gas was studied and optimized by numerical
simulation of FEM and verified experimentally. The results of the FEM analysis and
the experiment showed the suitability of the use of flowing gaseous media, which
causes the desired deformation (aeration) of the nano-fibrous structure.
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