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Analysis of sound absorption of recycled textiles from end-of-

life vehicles 

Alžbeta Nováková 1*, Miroslav Badida 2 

1 alzbeta.novakova@tuke.sk 
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Abstract: The paper presents the acoustic properties of textile materials from vehicles after their 

lifetime. The sound absorption coefficient was determined for recycled textiles used in end-of-life 

vehicles using a Kundt tube. The properties of the material used for the research and the research 

method are briefly presented. The paper is focused on the comparison of compact and bulk material 

of the same fraction. For the selected parameter - coefficient of sound absorption, the material was 

tested for its potential application in sound insulation products. 

Keywords: recycling; sound absorption coefficient; Kundt tube 

1. Introduction

Reducing the negative effects of noise, especially from traffic, plays an important role 

in ensuring a more acoustically pleasant environment. An important aspect for noise re-

duction are materials that are used in structures with a sound insulation function. [1] The 

use of recycled textile residue materials from old vehicles to reduce noise has the ad-

vantage of low specific weight and low production costs. [2, 3] Knowledge of the acoustic 

properties of these materials is necessary for proper use in products such as noise barriers 

and barriers. [4] 

This paper presents the results of scientific research focused on the analysis of acous-

tically suitable materials based on recycled textiles from end - of - life vehicles. The paper 

presents the results of pickling of a selected acoustic parameter (sound absorption coeffi-

cient - α), which were obtained using a Kundt tube. 

2. Materials used for research

The automotive industry places demanding demands on the textile material used to 

make auto parts. Such a material has good thermal, anti-vibration and sound insulation 

properties. Compared to traditional materials, it shows better resistance to mold, mois-

ture, high mechanical resistance and reduced flammability. These materials are unusable 

for further processing, as they are difficult to defibrate composite materials. To ensure 

physical and chemical properties, they are made of synthetic fibers. These textile parts 

consist of car mats, seat covers, interior acoustic and thermal insulation. [5, 6] 

For the needs of the research, we cooperated with the company Krajné s.r.o., which 

provided material and suitable fractions for the research. The material is obtained as tech-

nological cuttings, cuttings and failures in the production of a new product from the pri-

mary material, finished pieces of carpets, upholstery, covers during the disassembly of 

the vehicle at the end of its life. Figure 1 shows the material and fraction obtained, which 

retain the original properties of the material and are also transferred to the properties of 

the new component. The homogenized material is formed into the board format by add-

ing a binder based on a polyurethane prepolymer. [7] 
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(a)  (b) 

Figure 1. (a) Compact recycled textile material, (b) Cut recycled textile material 

Table 1 lists selected properties of the experimental material. [8, 9] 

Table 1. Properties of experimental material 

Thermal conductivity value λ = 0,061 [W/m.K] 

Sound absorption class A 

Compressive stress at 10% compres-

sion 
203 MPa 

Tensile strength perpendicular to the 

plane of the board 
322 MPa 

Short-term absorption at partial im-

mersion Wlp - procedure A 
max. 20,0 [kg/m2] 

Long-term absorbency at partial im-

mersion Wlp - procedure A 
max. 25,0 [kg/m2] 

Compressibility 3,68 mm 

Reaction to fire Class E 

Health safety 
In accordance with the relevant provi-

sions 

3. Research method

One of the most widely used methods for determining sound absorption is the inter-

nationally standardized impedance tube method according to STN EN ISO 10534-2. It is 

based on measuring the transfer function between two microphone signals located inside 

the tube. In accordance with the measuring chain, a loudspeaker is located at the end of 

the tube.  

The tube is fed in the 1/3 octave frequency band and a stationary plane wave is gen-

erated. The pressure measured by the microphones decomposes into incident and re-

flected components. Figure 2 shows the hardware device used to measure the sound ab-

sorption coefficient (α) for the frequency bands from 100 to 800 Hz and from 400 to 2500 

Hz. The system includes a tube with an inner diameter of 60 mm (SW060-L) and a holder 

for the tested sample with an inner diameter of 60 mm (SW060-S). [10, 11] 

Miro
Psací stroj
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Figure 2. Sound absorption measuring system 

4. Implementation of measurements and evaluation 

This section presents the results obtained by experimental measurements. The sound 

absorption coefficient (α) is a dimensionless number ranging from 0 to 1. The closer the 

measured value is to 1 or equal to 1, the better the measured (higher) sound absorption 

will be. [12] 

Measurements were performed for compact and bulk recycled textile material. First, 

a sample-free device was prepared to configure the microphones and calibrate them. 

Sound absorption is measured using two microphones in the selected position. After cal-

ibration, the sample is placed in a tube and the measurement is started. For each fre-

quency, 5 measurements were made, from which the average was calculated and is shown 

in Table 2. The weight of the compact material measured was 37 g and the bulk material 

8,4 g. 

Table 2. Measured values of sound absorption 

Frequency (Hz) Compact material Loose material 

100 0,11 0,06 

125 0,14 0,08 

160 0,20 0,10 

200 0,27 0,14 

250 0,37 0,20 

315 0,49 0,30 

400 0,59 0,46 

500 0,66 0,66 

630 0,68 0,87 

800 0,71 0,97 

1000 0,75 0,91 

1250 0,75 0,79 

1600 0,80 0,69 

2000 0,82 0,68 

2500 0,82 0,75 

 

 Based on the measured sound absorption values (α) of the selected fractions, it was 

found that the best results were measured at frequencies from 630 Hz to 1 250 Hz for the 

bulk fraction. For compact materials, the best results were obtained from 800 Hz to 2 500 

Hz. Worse results were found at low frequencies from 100 Hz to 200 Hz with loose textiles. 

The frequency spectrum of traffic noise has its maximum in the range of 500 Hz to 1 

500 Hz, while the highest noise is caused by the frequency of 1 000 Hz, so it can be stated 

that loose recycled textile material from end-of-life vehicles is suitable as a structural ele-

ment for building noise barriers, as at given frequencies it performed better (0,91) than 

compact material (0,75). [12] 

Miro
Psací stroj
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For better illustration, the measurement results are presented in Figure 3, where it is 

possible to see the change in sound absorption coefficient versus frequency for compact 

and bulk textile material from end-of-life vehicles. 

Figure 3. Sound absorption coefficient α - comparison of compact and loose material 

5. Conclusions

The experiment was aimed at determining the sound absorption of recycled textiles 

from end-of-life vehicles. Two types of samples were tested - compact and loose textile 

material. Both samples showed good sound absorption at higher frequencies, a fact that 

recommends these materials for application in sound insulation products. However, these 

materials are not stand-alone and must be applied together with a support wall or frame 

which is made of, for example, plastic or aluminum. 

Acknowledgments: The contribution was created on the basis of the solution of the project MŠVVaŠ 

SR KEGA no. 009 TUKE-4/2021 (50%) and the project MŠVVaŠ SR UNIVNET no. 021/0004/20 (50%). 
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Abstract: In this study we try to produce biomedical polymers that have never been produced in 

such a proportion of materials. These fibers are intended for biomedical use in the future. All ne-

cessary parameters were recorded during production. Medically certified materials in the form of 

granules were used for production. The production took place on a filamentmaker Composer 450 

from the company 3Devo, where 3 types of polymers PLA, PHB and thermoplastic starch were used. 

PLA is widely used in 3D applications because it is one of the most comfortable material that can be 

easily processed with FDM without the use of important vapor technologies. However, it is ne-

cessary to solve its solution thermal and high degradation rate during the stability of fiber pro-

duction. A 25 percent amount of plasticizer in the first type of filament and a 30 percent amount of 

plasticizer in the second type of filament were added to the polymers. 

Keywords: Additive technology FDM, filament, PLA, PHB 

 

 

1. Introduction 

Thermoplastic-based fibers used in additive technologies are produced using plastic 

extrusion machines called fiber extruders or filament mashers. These extrusion systems 

work with the logic of mixing raw plastic granules and other additives in a mechanical 

mixer and subsequently transporting the formed composite granules through a hopper to 

the nozzle side of the heater by means of a screw shaft. These sophisticated devices can be 

found in various companies engaged in mass production. At the Department of Biome-

dical Engineering and Measurement, we managed to produce filaments with optimal pro-

perties. These manufactured filaments are intended for use in the biomedical field in the 

future. In the production process, we made a number of attempts to optimize the parame-

ters. We used equipment from the company 3Devo. When using the filament in additive 

technologies, it is essential that it meets the requirements necessary for quality 3D printing 

and subsequent application in a medical environment. In this study, we managed to opti-

mize all the necessary parameters for successful 3D printing. The diameter of the produ-

ced filaments must be in the range from 1.65 mm to 1.85 mm. This is important so that the 

filament does not jam in the nozzle.  
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2. Filament production and printing using FDM technology 

The production of medical filaments is a production process divided into several 

steps. The first step is to obtain the material in the form of granules, which are then dried 

in a dryer. After drying, it is possible to proceed to the production itself. After the produc-

tion of the filament, storage under suitable temperature conditions is important to prevent 

moisture degradation. The filament produced in this way is suitable for 3D printing of 

objects using FDM technology. FDM additive technology is the process of applying mol-

ten material to a heated flat table surface in layers. The fibrous material enters the heated 

nozzle via a feeder (Figure 1). This additive production technology is becoming more 

widespread due to the advantages of the thermoplastic material used. Due to the simple 

principle and low need for equipment, the cost of 3D printing using the FDM method is 

lower than with other additive technologies. 

 

 
 

Figure.1. FDM 3D printing technology [5]. 

2.1. Preparation and drying of granulate in a dryer 

To prevent the biodegradation process, the filament material was vacuumed in an 

opaque package. This material was supplied in the form of granules. Nevertheless, we 

dried the material in a dryer from 3devo (Figure 2). The drying temperature was set at 160 

° C for 180 minutes. 

 

 
 

Figure.2. Granulate drying. 

Miro
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2.2. Filament extrusion 

The filaments were produced on a 3devo filament maker Composer 450 under ideal 

conditions in an air-conditioned room at 18 ° C (Figure 3). 

 

 
 

Figure.3. Filamentmaker Composer 450. 

 

After cleaning the device, we poured the granulate into the hopper (Figure 4). In the 

production of the first medical filament with a 25% amount of plasticizer, we set the melt-

ing temperature to 170 ° C on 4th heater and to 171 °C on other heaters. In the production 

of the second filament with a 30% amount of plasticizer, we set the temperature on first 

heater to 156 ° C, on second heater the temperature was 166 ° C, on third 155 ° C and on 

the last 4 heating element 150 ° C. We achieved these temperatures by combining 

knowledge about the melting temperature of PLA / PHB materials. After stabilizing the 

filament flow, we placed the extruded fiber in a sensor that measured the diameter of the 

filament. By monitoring and optimizing all production parameters, the filament was 

wound into a spool. The filament production parameters are summarized in Table 1 and 

Table 2. We managed to maintain the optimal filament diameter as can be seen in (Figure 

5) and (Figure 6). 

 

 
 
    Figure.4. Granulate poured into a hopper. 

Miro
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Table 1. Production parameters of the first filament with 25% amount of plasticizer. 

HEATING ELEMENT 4 3 2 1 

REAL TEMPERATURE 170°C 170°C 172°C 171°C 

SET TEMPERATURE 170°C 171°C 171°C 171°C 

SET TEMPERATURE 2.0 RPM 

FAN PERFORMANCE 80% 

Table 2. Production parameters of the second filament with 30% amount of plasticizer. 

HEATING ELEMENT 4 3 2 1 

REAL TEMPERATURE 150°C 154°C 165°C 171°C 

SET TEMPERATURE 150°C 155°C 166°C 156°C 

SET TEMPERATURE 4.3 RPM 

FAN PERFORMANCE 100% 

 

 

                        Figure.5. Graph of the filament diameter with 25% of plasticizer per time (t). 

 

                           Figure.6. Graph of the filament diameter with 25% of plasticizer per time (t). 

The diameters of both filaments were in the optimal range of 1.75 mm. The filament 

with 25% plasticizer weighed 410.13 g (Figure 7a) and the filament with 30% plasticizer 

weighed 556.82 g (Figure 7b). 
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Figure 7a. Finished filament with 25% plasticizer, Figure 7b. Finished filament with 30% plasti-

cizer. 

 

3. Conclusion 

The mentioned scientific study brings new knowledge in the field of materials engi-

neering and is a theoretical output of the production of filaments that will be used in the 

field of medical applications. Both filaments were extruded from PLA / PHB / thermo-

plastic starch granules with the addition of 25% plasticizer in the first type of filament and 

with 30% addition of plasticizer in the second type of filament. The most important con-

dition regarding the diameter of the filament was met and the individual filaments corre-

spond to the stated tolerance and have a constant diameter of 1.75 mm along their entire 

length. With the help of the Composer 450 from 3devo, located in the Department of Bio-

medical Engineering and Measurement, results have been achieved that have significant 

benefits in the production, testing and use of medically certified materials. The future of 

research lies in destructive and non-destructive testing of extruded samples using FDM 

technology. We managed to describe additive technology in detail in the introductory 

chapter of this scientific article. 
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Abstract: The paper focuses on the design and production of fixtures for small series production on 

CNC machines. In the introduction is described issues of clamping at machining. The design and 

manufacturing of fixtures is time-consuming operation and increases total production costs. How-

ever, application of fixtures allows shorten clamping time and increase reliability of process. The 

main section of the paper contains part analysis, justification of the need for use fixtures and design 

of fixtures. It consists of design of fixture for milling machine and for lathe. Every subsection in 

detail describes individual components and method of clamping of workpiece. All design of fixtures 

were manufactured and surface treated. The results of the paper are custom fixtures, which were 

tested and applied on real machining production.  

Keywords: design, fixtures, machining, CNC machines 

 

1. Introduction 

The modern engineering industry is characterized by multi-product production and 

a variable volume of production of products. The proportion of products with require-

ments to achieve high accuracy of dimensions, shapes, relative position of surfaces and 

quality of surfaces in accordance with their intended use is constantly increasing. Due to 

the expansion of the technological possibilities of modern machine tool, their high cost 

and the need to perform a large amount of work in the transition to machining other parts, 

all the possibilities of intensification of production processes are rapidly developing. In 

this context, great attention is paid to fixtures which make it possible to shorten the set-

up and clamping times of semi-finished products and at the same time increase the relia-

bility of the process by ensuring repeated accuracy and reliability of clamping. This helps 

to reduce production time, which has a positive effect on reducing production costs.  

The urgency of shortening secondary times has become more pronounced with the 

advent of new technologies, especially various forms of high-speed machining. The re-

duction in main times as a result of the use of these technologies often causes main times 

to be shorter than secondary times. This fact also forces manufacturers to use fixtures as a 

means of reducing secondary times [5].  

The fixtures are used in cases where the possibilities of standard clamping fixture, 

such as chucks or collets on lathes or clamping vices and clamps on milling machines, are 

not sufficient for the implementation of the technological step [3]. A complex of 

knowledge is needed for the design of fixtures, e. g. about geometric and dimensional 
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tolerances, production processes, technological possibilities of machines, tools, cutting 

conditions and cutting forces. 

The basic task of fixtures for use in machine is the correct orientation and positioning 

of the part and its subsequent reliable clamping. The fixture must allow to access of tool 

to the manufactured elements or surfaces of the part. Resistance to the effects of the work-

ing environment is also a requirement, because machining processes are often imple-

mented using process media. The design of the fixture must reliably absorb cutting forces 

so that deformations do not occur on the finished part. It is also a necessary condition to 

ensure the repeated functionality and accuracy of the fixture [2]. 

By default, the fixture contains three important components. The first is the position-

ing elements, which ensure the static balance of the semi-finished product and eliminate 

all degrees of freedom. The second component is the fastening elements, which press the 

semi-finished product onto the positioning elements and ensure the necessary rigidity 

and fixed position considering to the actuating cutting forces. The third component is ad-

ditional support, helping to ensure rigidity and resilience to the actuating forces [1]. 

The process of designing the fixture for machine tools is divided into three stages. In 

the first stage, the planning of the fixture, the requirements related to the number of fix-

tures required, the type of fixture and the machining operations that the fixture are to 

handle are identified. In the second stage, the fixture is configured. The arrangement of 

the set of adjusting and fastening elements is determined so that the semi-finished product 

is correctly positioned and securely clamped. In the third stage, the design process itself 

is implemented, including the design of the components of the fixture and the fixture as a 

whole [1]. 

In the past, most fixtures have been designed for a specific operation on a single 

product. These are specialized fixtures without the possibility of use on other machines 

or for other products. The growing trend of increasing product variability and reducing 

series has forced the development of more flexible clamping systems based on modular 

elements. Their use streamlines the design and construction of fixtures. This advantage is 

further enhanced by the possibility of using electronic catalogues, allowing the necessary 

element of the product to be read directly by the CAD system [6]. 

The design and production of fixtures is time consuming and increases not only the 

time of the production cycle, but also the cost of production. The fact that the products are 

designed with narrow tolerances, standardly 30-50% of the tolerances on the manufac-

tured part, also contributes to the increase in costs [1]. In addition, the components of the 

fixtures are made of quality (more expensive) materials to ensure long-term dimensional 

stability and prevent wear. The cost of fixture can represent 10-20% of the total cost of 

production. Therefore, ways are being sought to streamline the product design and pro-

duction process. There are observable trends to create specialized systems called CAFD 

(Computer Aided Fixture Design), combining knowledge and design systems. The design 

of the fixture should be implemented in two steps - selection of the design of the fixture 

(if available in the database) and modification of the selected design in order to meet the 

specified requirements. If the appropriate initial solution is not in the database, it is nec-

essary to implement a proposal for a new design of the fixture [4]. 

2. Description of the machined part 

This work deals with the design of fixtures for clamping a part in small series pro-

duction, which is shown in Figure 1. Because it is a small series production, accuracy, 

repeatability and in-process inspection must be observed during production. The part has 

most dimensions strictly symmetrically tolerated, i. e. ±0.02, ±0.03 and ±0.05 mm, remain-

ing minor dimensions ±0.1÷0.2 mm. There are also geometric tolerances of shape and po-

sition, especially symmetry, coaxiality, cylindricality and position. These conditions must 

be considered in the design of the technological process, so that the part can be manufac-

tured with all the conditions specified in the drawing documentation. 
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The part was produced by machining using the machine park of the Prototype and 

Innovation Center of the Faculty of Mechanical Engineering in Kosice. Based on the geo-

metric shape of the part, the technological process of production was chosen, which con-

sists of three clamps of the workpiece. The first and second clamping of the part was per-

formed on a universal 5-axis milling machine DMG MORI DMU 60 eVo and the last 

clamping was performed on a CNC turning-milling centre DMG MORI ecoTurn 510. 

 
Figure 1. Production part 

3. Design of fixtures 

Due to the lack of the necessary suitable contact surfaces, it was necessary to design 

and manufacture fixture for the second and third clamping of the workpiece. During de-

signing must be consider that the fixture should be relatively easy to manufacture and 

that the exact position of the workpiece in the fixture, repeatability and quick insertion 

and removal of the workpiece are ensured [7]. The design of the fixtures was performed 

in the CAD system SolidWorks 2019. 

3.1. Design of the fixture for a milling machine 

For machining the other side of the workpiece on a CNC 5-axis milling machine DMU 

60 eVo, a fixture was designed, which consists of a fixed and a movable jaw for a mechan-

ical vice, intended for the second clamping of the workpiece, shown in Figure 2. 

 
Figure 2. The first version of the fixture for clamping workpiece on milling machine 

For a sufficient jaw length, the fixture was made to clamp two workpieces at the same 

time, thereby increasing productivity and machining efficiency. The manufactured fixture 

shown in Figure 3 was surface-nitrided after production. 
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Figure 3. Manufactured the first version of the fixture for clamping workpiece 

However, after the fixture has been manufactured, in checking the accuracy of the 

repeatability of the workpiece clamping in the fixture, deviations between the individual 

clamps were found. Even with the exact same clamping procedure, the required repeata-

bility necessary to meet shape and position tolerances in small series production was not 

achieved. After performing all operations and measuring some dimensions with a 3D 

probe, the findings were confirmed. Also, after removing the workpiece, pressed marks 

remained on the contact surfaces, which was caused by insufficient rigidity of clamping 

the workpiece in the fixture. During roughing with a 20 mm diameter high-speed milling 

cutter, when the highest cutting forces occurred, there was probably a slight movement 

of the workpiece in the fixture. 

Following these findings, it was necessary to design a new fixture to remedy the de-

ficiencies. After the experience gained, the fixture must have more contact surfaces to re-

move all degrees of freedom, both displacement and rotation. The design of the new im-

proved fixture is shown in Figure 4a. It is based on completely different contact surfaces 

than the first version. It consists of a movable and a fixed jaw, in which there are other 

movable components shown in Figure 4b. 

  
      (a)          (b) 

Figure 4. (a) The second version of the fixture for clamping workpiece on milling machine; 

          (b) Components of fixed fixture 

By means of a pressure plate and two pressure screws, the tightening of which 

presses the plate against the workpiece and prevents the workpiece from moving in the Y 

axis. The pin secures position of the pressure plate. The position of the workpiece in the Z 

axis is ensured by tightening the middle tightening screw, which because of the shape of 

the pressure wedge, presses the workpiece onto the lower contact surfaces. Tightening the 

movable jaw ensures that the movement of the workpiece in the X axis is removed. The 

manufactured fixture shown in Figure 5 was tested by machining operations on the sec-

ond workpiece clamping. After measuring the main dimensions, which were within the 

required tolerances, the surface was treated with nitriding, which significantly increased 

the wear resistance of the contact surfaces. 
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Figure 5. Manufactured the second version of the fixture for clamping workpiece  

3.2 . Design of the fixture for a lathe 

To make the last operation, i. e. axial groove on the CNC turning and milling centre  

ecoTurn 510, the fixture shown in Figure 6 is designed and manufactured. 

 
Figure 6. The fixture for clamping the workpiece on a lathe 

The cylindrical part is used to clamp the fixture into turned soft jaws. With the accu-

rate diameter Ø7.5 mm with tolerance h6, the centering of the workpiece in the fixture is 

ensured. The torque that is generated during turning is transmitted by the shaped part, 

which forms the negative of the workpiece part. The last element on the fixture is a accu-

rate hole Ø9.5 mm with a tolerance of H7, followed by a metric thread M6. A accurate pin 

is inserted into this hole, which passes through a through hole (manufactured with a Ø9.5 

mm H7 reamer), which is then tightened with an M6 Allen screw shown in the section in 

Figure 7. This secures the axial movement of the workpiece in the fixture during machin-

ing. 

 
Figure 7. Assembly of clamping the workpiece on a lathe 

The fixture was pre-prepared on a lathe and subsequently the shaped part was fin-

ished on a milling machine, therefore due to clamping in the vice, the cylindrical surface 

Miro
Psací stroj
  5



Novus Scientia 2022 25 of 6 
 

25 

 

is elongated and parallel surfaces were made at its end. The finished fixture after surface 

treatment is shown in Figure 8. 

 
Figure 8. Manufactured fixture for clamping the workpiece on a lathe 

4. Conclusion 

At the first version of the fixture for the milling machine, significant problems with 

the accuracy and rigidity of the clamping occurred during machining, which led to the 

design and production of a new fixture concept, which eliminated the identified deficien-

cies. No deficiencies were found when testing the fixture on a lathe. The second version 

of the fixture for the milling machine and the fixture for the lathe were used in the real 

production of the specific part in small series production and thus their functionality and 

the repeatability of the clamping were tested. This was verified by keeping the geometric 

tolerances of the shape and position on the part in the required tolerance field during the 

whole series. 

The required number of produced pieces was gradually handed over to the customer. 

The finished parts successfully passed the customer's incoming inspection and the meas-

urement of the parts on a coordinate measuring machine. In the case of repeated produc-

tion of the series in larger volumes, there is a possibility of further optimization of the 

technological process and thus also a change or design of new fixtures according to the 

needs of production. 
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Abstract: In modern society, people spend most of their time in the interiors of buildings, whether 

at home, at work or at school, for example. Often, the natural light from the sunlight around us is 

replaced by artificial light sources. Light is an integral part of our lives and has a significant impact 

on our health, so the issue of appropriate lighting in buildings is very important. The paper focuses 

on the evaluation of interior lighting in one of the school classrooms using the classic method - 

measurement and a more modern method using simulation tools. The practical part of the paper is 

focused on measuring the lighting in the school classroom and then comparing the measured va-

lues with the values obtained using the simulation software DIALux EVO and at the same time 

using this software to propose improvements to lighting conditions in the classroom. 

Keywords: lighting; health; lighting evaluation; simulation; lighting conditions; DIALux EVO 

 

1. Introduction 

Light sources can be divided into natural and artificial. Both natural and artificial 

light affect a person's biological clock and hormonal system and therefore affect their 

overall health. Unsuitable lighting conditions make it difficult to perceive the surroun-

dings and can cause headaches, fatigue and other difficulties. Insufficient lighting in 

interiors, in addition to well-being and comfort, also affects a person's attention and 

performance [1, 2]. 

Lighting also has a significant impact on people's productivity and performance. 

Insufficient, poor lighting in the room can not only cause headaches and eye strain, but 

can also cause drowsiness and internal weakness. Conversely, high-intensity lighting, 

such as fluorescent and halogen lights, can also cause headaches. This type of lighting can 

also be harmful to the human eye because it makes it difficult to focus. Fluorescent lig-

hting in particular has a number of negative effects on humans because it is known to 

cause eye strain and is also reported to trigger migraine headaches. Natural lighting 

reduces the frequency of headaches, reduces stress and drowsiness, and windows and 

views from the room are factors influencing people's satisfaction and comfort [3, 4]. In 

terms of artificial lighting, cooler blue light and bright lighting improve the ability to 

concentrate and stay alert. Blue light forms the predominant part of natural light and 

plays an important role in suppressing melatonin production, but we also encounter it in 

many light emitting diodes (lights, monitors, screens). Continuous suppression of mela-

tonine production can lead to various health problems, so evening exposure to blue light 

should be minimized [5]. The light aspects that usually cause visual discomfort are insu-

fficient or excessive lighting, shadows, haze, glare, and flicker. Working in poor lighting 

conditions triggers the release of the sleep hormone melatonin, which in turn reduces 

alertness and increases the likelihood of errors and accidents. Symptoms of eye strain 

vary from individual to individual, the most common being burning or itching of the 

eyes, headache, blurred vision, dry or watery eyes, and muscle tension [6, 7]. Lighting 
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should be designed to provide people with the right visual conditions to help them per-

form visual tasks efficiently, safely and comfortably. 

2. Lighting evaluation 

The evaluation of the lighting was carried out in the lighting laboratory located on 

the 1st floor of the Department of Environmental Engineering (Fig. 1). The dimensions of 

the classroom are 6.75 m x 5.9 m x 3.4 m (L x W x H). There are three windows in the 

classroom for daylight access. The source of artificial lighting is raster lamps Sylvania 

Octa Satinized Louvre 4x18W T8 (600x600) in the number of 6 pieces. The classroom 

walls are painted white and a large part of the classroom walls are covered with lighting 

samples. 

A digital Luxesto Testo 545 camera was used to measure workplace lighting, inclu-

ding a measuring point memory, which allows you to quickly and reliably measure the 

intensity of lighting in workplaces and indoors. 

The light intensity was measured on a horizontal plane at a height of 85 cm. The 

measured values of light intensity were read in a regular metric rectangular network of 

measuring points. These points shall be so arranged that the distance between them does 

not exceed the distance of the reflectors above the reference plane and that there are 

spaces between and below the lamps. The end points were spaced from the wall - the 

distance between the points. Screening by persons was excluded during the measure-

ment, as well as screening of the head by room equipment or building components. Me-

asurements of the illumination of the visual task site, the immediate vicinity of the visual 

task and the background were performed in the student's main visual zone. The me-

asurement sites were selected so that the parts of the site with the lowest and highest 

luminosity were captured (Fig. 1). It was measured in the presence of a student, or was 

replaced by a meter so that the values measured corresponded to the lighting and sha-

ding during normal student performance. The number of measuring points and their 

distance were chosen depending on the area where the visual task is performed [8]. 

 

  
a) b) 

Figure 1 Light laboratory a) actual condition b) layout and measuring points 

DIALux EVO software was used to calculate the lighting parameters and create a 

lighting laboratory model. 

In this program, a digital version of the lighting laboratory was created (Fig. 2) using 

luminaires that reflect the real state of the lighting system in the classroom, i. 6 Sylvania 

Octa Satinized Louvre 4x18W T8 luminaires, with a luminous flux of 3475 lm and an 

output of 104 W. As the measurement results indicated insufficient lighting, especially at 

measuring points M6 and M7, a new lighting model was created using more powerful 

and at the same time less energy-intensive luminaires ESSYSTEM COSMO APEX 

1060.LED, with a luminous flux of 6300 lm and an output of 41 W. 
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a) b) 

Figure 2 Light laboratory in DIALux EVO a) old model b) new model 

The simulation was based on the above information about the space and its nature, 

we calculated the lighting under three conditions, without natural lighting, including 

natural lighting with a cloudy sky and also an average clear sky, which was also present 

during the actual measurement. The simulation results can be seen in the following fi-

gures. The following figures highlight the measuring planes for which the illuminance 

was calculated, the total illuminance was calculated, as well as the illuminance at the job 

sites, ie at the tables in the room and in their immediate vicinity. The figures show the 

floor plan of the measured room together with the calculated lighting values at indivi-

dual points for the old lighting model and the new lighting model when considering the 

daylight in an average clear sky (Fig. 3) and also when excluding daylight (Fig. 4). 

 

  

a) b) 

Figure 3 Calculated DIALux lighting values with daylight a) old model b) new model 

 

  

               a) b) 

Figure 4 Calculated DIALux lighting values without daylight a) old model b) new model 
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The following figures show the floor plan of the measured room in which the levels 

of light intensity are differentiated by color (Fig. 5 - we take into account daylight from an 

average clear sky, Fig. 6 - daylight is neglected). We can see that the tables located by the 

windows, when counting with daylight, have the highest level of average light intensity 

and the lighting at the other end of the room has values borderline with the required i. 

min. 500lx. If we neglect the daylight factor (Fig. 6), which can happen in the afternoon in 

the winter months, we see that the tables around the perimeter of the room have an in-

sufficient level of light intensity in the case of the old lighting model. Thus, we can see 

that if there was no combination of natural and artificial lighting in the room, the lighting 

requirements would be met only in the middle of the room and the tables by the walls 

would not meet the required value of the average lighting intensity. The combination of 

natural and artificial lighting is very important due to the benefits that natural lighting 

offers, so we can say that tables located near the windows are most suitable for students, 

but it is necessary to avoid glare from direct sunlight. 

 

  
a) b) 

Figure 5 Light intensity - including daylight (average clear sky) a) old model b) new model 

  
a) b) 

Figure 6 Light intensity - without daylight a) old model b) new model 

The summary of the results shows that in the old model the requirements for the 

overall intensity of the room are not met, in the new model these requirements are met. 

Specifically, which places of work performance do not meet the requirements are shown 

in the following table (Table 1), where the measurement results and simulation results in 

the DIALux EVO program under an average clear sky are also compared. 

Table 1 Comparison of results 

 Measured Em±U [lx]  

U=15% 

Dialux (old model) 

Em [lx] 

Dialux (new model) 

Em [lx] 

Total lighting 593 ± 88,95 678 938 

M1 800 ± 120 891 1212 

M1 - surroundings 899 ± 134,85 1026 1337 

M2 1163 ± 174,45 1337 1694 

Miro
Psací stroj
  4



Novus Scientia 2022 30 of 6 
 

30 

 

M2 - surroundings 1098 ± 164,7 1051 1400 

M3 1387 ± 197,55 1506 1838 

M3 - surroundings 863 ± 121,95 981 1307 

M4 712 ± 106,8 809 1002 

M4 - surroundings 688 ± 103,2 804 987 

M5 719 ± 107,85 809 1007 

M5 - surroundings 679 ± 101,85 795 1040 

M6 418 ± 63 384 791 

M6 - surroundings 488 ± 73,2 447 831 

M7 400 ± 60 349 727 

M7 - surroundings 452 ± 67,8 389 740 

 

Where: 

Em – average illuminance 

U – measurement uncertainty determined by calculation (15%) 

 

The DIALux program also allows you to easily and quickly calculate the energy 

consumption, LENI (Lighting Energy Numeric Indicator) and the financial costs asso-

ciated with it. The LENI value represents the actual energy consumption of the lighting 

system in kWh per square meter and year. The values of energy consumption and costs 

based on our lighting design calculated by the DIALux evo program are given in Table 2. 

Table 2 DIALux - energy consumption and energy costs 

 
Energy consumption  

[kWh/a] 

LENI 

[kWh/a/m2] 

Estimated costs  
[€/a] 

Old model 1100-1700  28-45  324-515  

New model 430-680 11-18 128-203 

3. Results 

The aim of the paper was to compare 2 tools for lighting evaluation in the room, 

namely, first classical personal measurement using a measuring device (luxmeter) and 

secondly using computer software for lighting design, which in our case was DIALux 

lighting design software. EVO. 

A comparison of the measurement and simulation results shows that the total illu-

minance, if neglected by the daylight factor, does not meet the lighting requirements. If 

we take into account the presence of daylight, the requirements for general lighting are 

met, but the measuring points that are furthest from the windows, i. M6 and M7 do not 

meet the requirements of light intensity (Tab. 1.) The results of measurement and simu-

lation compared in Table 1 do not differ in almost all cases by more than the stated me-

asurement uncertainty, the only exceptions are measuring points M4-surroundings and 

M5-surroundings where there was uncertainty. measurements slightly exceeded what 

could have been caused by inaccurate measurements. Regarding the final results and 

their comparison with the required value of the average light intensity (500 lx), the results 

of the manual measurement and the results of the DIALux program agree on the ful-

fillment resp. non-compliance with the required value at measuring points M6 and M7, 

which also applies to their immediate surroundings. In the new proposed lighting model, 

these shortcomings are eliminated and the required lighting value is met at all points of 

the job. 
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4. Conclusions 

With the increasing time spent in building interiors, the topic of assessing lighting 

conditions is becoming more important, not only because of the impact of lighting on 

human health and comfort, but also from an economic and environmental point of view. 

As innovations are constantly taking place in the field of lighting systems, such as e.g. 

higher efficiency, lower environmental impact or automation of lighting systems is im-

portant evaluation and improvement of current lighting systems. Computer software for 

lighting design can be very useful in this regard. 

The paper compares the results of lighting evaluation by measuring and using 

DIALux software. The measurement results and the results from DIALux agree on which 

of the measuring points meet the required values of the light intensity and which me-

asuring points do not meet these requirements. The use of the software enabled a clearer 

processing of the results in numerical and graphical form. DIALux also automatically 

calculated the energy consumption and costs of a simulated lighting system. In the sof-

tware, it is possible to easily and quickly compare different lighting system designs, 

either by changing the layout of the luminaires or by using new luminaires, which we can 

easily obtain by downloading from a freely available online library. By designing the new 

lighting, we have met the requirements for lighting throughout the room, as well as at all 

places of the job, even if the daylight factor is neglected, all while maintaining the layout 

and number of lamps. At the same time, we have achieved energy savings by using this 

computer software and changing the type of luminaires. 
 

Acknowledgments: This contribution was created within the project KEGA 011TUKE-4/2021, 

which is being solved at the Technical University in Košice. 
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Abstract: Material properties are typically coupled. For example, light materials are weak, while  

strong materials are heavy. We wish to design materials with unique combinations of mechanical  

properties which will overcome such constraints, for instance, materials with the density of water  

but the strength and toughness of steel. This is possible using cellular metamaterials through careful  

control of their microarchitecture. This article outlines the field of architected metamaterials, includ-  

ing their features, manufacturing methods, and possible applications.  
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1. Introduction  

Expansion of materials library. It is interesting to note that the evolution of human man- 

kind has been closely tied with the discovery of new materials. Indeed, the naming of 

epochs (Stone Age, Bronze Age, Iron Age), reflects the state-of-the-art material which was 

available at the time. The materials library has been growing since prehistoric times, when 

only natural materials such as wood and stone were known, up to the present day, when 

many different alloys, composites, polymers, and semiconductors are widely used. 

Materials have many different properties (mechanical: stiffness, strength, toughness; 

electrical: conductivity, permittivity, thermal: diffusivity; etc.). If we take a slice through 

the multidimensional property space, we can plot two properties on x-y axes for a range 

of materials. These plots are called Ashby charts after materials engineer Michael Ashby, 

a pioneer in the field of cellular materials who devised a systematic approach to materials 

selection. In Figure 1a, we plot strength versus density for a large number of material 

classes. Metals and ceramics are at top right, with densities approaching 10,000 kg m−3 

and failure strength 𝜎𝑓   up to 1 GPa. Foams are among the lightest materials with 

densities as low as 10 kg m−3. Note that the axes of the chart are logarithmic – the ranges 

of densities and strengths span three and five orders of magnitude, respectively. There is 

a huge variety in the available materials library! Importantly, we observe that most 

materials are lo- cated along the main diagonal, which means that strong materials are 

typically heavy,while light materials are weak. This coupling of strength and density 

is an example of a constraint which we are trying to overcome by clever materials design. 

Modern materials science has been using three main approaches to devise materials 
with enhanced properties. Firstly, manipulations through chemistry have enabled the cre 

ation of new metals through alloying (e.g. bronze, stainless steel), the doping of 

semiconductors (arsenic in germanium, boron in silicon), or the synthesis of hundreds of 

new polymers, which have replaced metals in many use cases. The second approach is to 

manip ulate microstructure, as the distribution of phases and defects within material 

significantly 
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Figure 1. (a) So-called Ashby chart for a wide range of materials. In this specific property chart, strength (failure stress 𝜎𝑓) is plotted 

against density 𝜌 on logarithmic axes. Architected lattices and foams fill gaps in the property space, by offering high strength at low 

density. [24] (b) Hexagonal honeycomb used as sandwich panel core. [20] (c) Closed-celled foam. [25] (d) Bending-dominated open- 

celled foam. [27] (e) Stretching-dominated triangular lattice. [24] 

are mostly composed of empty space, but have desirable properties for sandwich 

panels,insulation, or energy absorption. Composite materials (carbon fibre, glass fibre) are 

examples of combining ceramic fibres with polymer matrix in controlled orientations and 

proportions. The resulting material can achieve properties much better than the “rule of 

mix-tures”. For example, glass fibre-reinforced epoxy has toughness higher than both 

glass and epoxy thanks to distributed cracking and is widely used in wind turbine blades. 

[1]Evolutions in structural engineering. The emergence of new materials has been 

followed by an evolution of methods in structural engineering. How structures are 

designed depends on the materials they use. Up until the end of the Middle Ages, most 

buildings  were constructed from stone using mainly compression loading and 

considering thrust  lines. With the arrival of the Industrial Revolution and mass 

production of steel, structural engineering shifted from stone and brick to steel 

frameworks. It turned out that the load- bearing capacity of a structure can be maximized 

when material is only used in the correct  places. Truss frameworks make use of axial 

tension and compression of members and thus  achieve a high efficiency in supporting a 

given load with minimum structural mass. (Fig. 2a)   

Inspiration in nature. Let us now consider natural materials which have been around  

for millennia. Biological materials such as bone, wood, cork, and many others all have one  

feature in common – they have cellular microstructure. (Fig. 2e,f) Their porosity results  

not only in a reduced mass, but also gives rise to other features, such as crack arrest and  

increased fracture toughness. Consider, for example, hard biogenic materials nacre, den-  

tin, and bone. They have both high strength and high fracture toughness, a combination  

of properties which are often exclusive. Other examples of features enabled in cellular  

materials include diffusion through pores and increased internal surface area available for  

chemical reactions or biological synthesis.  

Lattice metamaterials. When we combine the nature-inspired microstructure (cellular  

solids) with the topological optimization of structural engineering (truss frameworks), we      

obtain lattice metamaterials. Periodic lattices have a well-defined geometry of struts and      

nodal connections. (Fig. 2) When the unit cell of the lattice is repeated many times, 

the dimensions of the resulting structure are much bigger than the dimensions of the 

individual members, and we call such structure metamaterial. In traditional materials, 

macroscopic properties are determined predominantly by chemistry (how atoms are 

bound together) and microstructure (how phases are distributed). In architected 

metamaterials, it     
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is topology (how elements are connected) which governs the macroscopic properties. For  

instance, bending-dominated lattice with relative density 𝜌  ∼ 5% is more than 10 times  

weaker than stretching-dominated lattice of the same relative density (see Fig. 1a,d,e). In  

addition, when the structural length-scale of the architected material is reduced to 

the macro- and nano-scale, interesting phenomena are observed. For example, a ceramic 

lattice composed of hollow alumina (Al2O3) struts, with walls only 20 nm thick, does not 

fail by brittle fracture (as the ceramic parent material would), but can fully recover after 

up to 50% compressive strain. [2] To take advantage of this size effect, we need 

manufacturing methods with micro- to nanoscale resolution.  

2. Manufacturing of micro-architected materials  

The materials we have been discussing often have complex geometry on the microscale 

level. As a result, they require manufacturing methods which can produce arbitrary shapes at a 

high precision. There are two main classes of manufacturing methods which are used for 

this task: additive manufacturing (AM) methods and self-assembly  methods. Some specific 

techniques are briefly outlined below.  

Additive manufacturing methods. A vast number of methods have been developed in   the 

research setting. In the domain of extrusion-based methods, we mention direct ink writing (DIW), 

which can be used to make a variety of geometries on the microscale. [3, 4] DIW does not melt 

the material passing through the nozzle but uses materials with tailored shear thinning 

behaviour. These materials flow under shear inside the nozzle, but once deposited, they hold 

their shape. (Fig. 3a,b) A light-based counterpart of DIW is the two-photon lithography (2PL). [5] 

Light (laser) beam is focussed into a voxel in 3d space, whichleads to the solidification of 

photosensitive polymer. The use of light allows for an unprecedented resolution on the 

nanometre scale, thus enabling the creation of precise 3d geometries. Both DIW and 2PL are 

inherently 0D processes – the structure is manufactured one voxel at a time. Projection micro-

stereolithography (PµSL) is based on projectingthe whole cross-section of the desired structure 

into the bath of photosensitive resin at once. [6]  

By successive projections of consecutive cross-sections, the whole three-dimensional structure 

is built. In three-dimensional interference lithography, collimated light is shined onto a suitably 

designed photonic mask. Light passing through the mask producesinterference pattern and 

photosensitive polymer solidifies in the areas of constructive interference. [7] 

  

Figure 2. (a) Hierarchical trusses are widely used in structural engineering. Photo by the author. (b) Hierarchical alumina (Al2O3) 

octahedral lattice. Constituent beams are hollow with 20 nm walls. Scale bar 50 µm. [23] (c) Zoomed-in image of octahedral lattice. 

Scale bar 10 µm. [23] (d) Alumina octet-truss nanolattice showing zoomed-in view of hollow beams. [2] (e,f) Many natural materi- 

als have cellular structure. Balsa wood (e) and bone (f). [25] 
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A novel pseudo-3d method is computer axial lithography (CAL). (Fig. 3c,d) It is based on 

projecting images obtained via tomographic reconstruction algorithms into a  

rotating bath of photosensitive resin. [8] Additive manufacturing methods offer 

unprecedented flexibility in the range of attainable geometries, but this freedom comes at 

a price – because of their point-wise nature,most additive manufacturing methods are 

too slow, costly, and do not achieve the required throughput for production of 

macrosize quantities of metamaterials.  

Self-assembly. An alternative which attempts to tackle these issues is self-assembly.   

The underlying idea of self-assembly is that particles or molecules can spontaneously 

assemble into hierarchical structures under suitable conditions. Polymerisation-

induced phase separation based on spinodal decomposition has been used to produce 

shell-based architectures. [9, 10] It is possible to achieve tunable elastic anisotropy and 

extreme mechanical resilience. (Fig. 3e) In a different self-assembly method, spheres are 

made to assemble into close-packed crystals to create opals. Filling the gaps in these 

crystals with a second phase and subsequent removal of the precursor spheres leads to 

the formation of the inverse opal. [11, 12] (Fig. 3f,g) Overall, self-assembly methods 

achieve significant speed and throughput improvement over AM methods, but as a 

trade-off, they can only produce a very limited range of geometries.  

3. Applications of architected materials  

Thanks to their features spanning multiple length-scales, architected materials have  

numerous use cases. The properties of interest are not only mechanical, but also optical,  

electrical, acoustic, and others. A non-exhaustive selection of possible applications is out-  

lined below.  

Mechanical. Architected materials expand the available property space in the materi-  

als library. Depending on their topological design, relatively high stiffness, strength and  

toughness can be achieved at a very low weight. As a result, these metamaterials can be  

used as lightweight construction materials. Examples include sandwich panels, whereby  

the light cellular material creates separation between thin sheets which efficiently carry  

tension/compression. (Fig. 4a) The resulting sandwich panels have a high bending rigidity  

at a low weight, and for this reason, have been applied in the aviation industry. Moreover,  

architected metamaterials have desirable dynamic characteristics (e.g. wave propagation  

 

 

Figure 3. Manufacturing of architected materials. (a) Direct ink writing (DIW) of silver ink. [4] (b) Titania (TiO2) lattice formed 

formed by DIW. [3] (c,d) Computer axial lithography (CAL) process. Tomographic reconstructions of model are projected into pho- 

tosensitive resin. [8] (e) Self-assembled spinodal shell-like architecture. [10] (f) Process of inverse opal manufacture from opal tem- 

plate. [12] (g) SEM image of a large inverse opal crystal. [11] 
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Figure 4. Applications of architected materials. (a) Lattice material used as the core in sandwich panel. [20] (b) Energy of projectile 

absorbed by nanoarchitected carbon lattice. Scale bar 10 µm. [21] (c) Nanoporous microbattery electrodes. [22] (d) SEM images of 

nanoarchitected electrodes from (d). Scale bars 1 µm. [22] (e) Functional grading of mineral and collagen in tendon-to-bone attach- 

ment. [19] (f) Cell alignment depends on surface morphology. [18] 
 

and deformation under impacts). They are capable of efficient energy absorption (Fig. 4b) 

and can be used for blast protection, for example, to shield the underbody of military 

vehicles. Moreover, clever topological design can be used to achieve bistable behaviour. 

This enables the storage of elastic strain energy on top of plastic energy absorption. [13]  

Electrical. There is an ever-growing push for using sustainable energy sources, but this 
relies to a large extent on the ability to store electrical energy. This is most often done
 in batteries or in capacitors. The power density of these devices depends on the rate at
 which they can be charged or discharged, which is governed by kinetics of electron and
 ion diffusion and by the formation of dendrites. Therefore, to increase the rates while
 avoiding dendrite formation due to high current density, surface area available to 
diffusion must be large. Architected metamaterials can have features manufactured on 
the microscale and in almost arbitrary shape. As a result, it is possible to make 
metamaterials  with hierarchical surface features to act as battery electrodes with a 
relatively large surface area. (Fig. 4c,d) It has been demonstrated that 3D zinc 
architectures enable high-power discharge while suppressing dendrite formation. [14, 15]
  

Photonic and phononic crystals. Self-assembly of opals and inverse opals is a scalable  

process of manufacturing highly ordered crystals. When the diameter of precursor  

spheres is comparable to the photonic wavelengths (~400 nm), the resulting crystal met-  

amaterial interacts with incident light which gives rise to diffraction. Such metamaterials  

can be used in optical applications. When the spheres are orders of magnitude larger (mil-  

limetre range), the frequencies given by lattice spacing can be tuned for sound waves, and  

crystals with desirable phononic properties are created. [16, 17]  

Biomechanics and biochemistry. The large freedom in geometry of the architected mi-  

crostructures enables their use in biochemical applications. The shape can be precisely  

designed to include active sites for biological processes or chemical reactions. It has been  

shown that cell adhesion depends strongly on surface features of the substrate [18], there-  

fore, micro-architected materials are promising for biomechanical use. The repair of joints,  

tendons and other biological tissues is an active area of innovation in medicine. As an  

example, the microarchitecture of implants can be tailored to match the microstructure of  

bone and thus act as bioscaffold for growth of surrounding tissue. [19]  

4. Perspective  

Improvements in design. We have emphasised that the key feature determining the     

macroscopic properties of architected materials is topology. Topology optimisation meth- 

ods have been employed to search a large parameter space and come up with the geome- 

try that has the required properties. A promising research avenue is to employ machine      
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learning algorithms for generative design of microstructures based on the desired me- 

chanical response. If the algorithms can be scaled up, we will be able to design non-

periodic lattices which could have desirable properties, for example, fracture resistance, 

where cracks originating on the surfaces could be blunted. A further improvement in the 

design of architected metamaterials will be to combine multiple materials within one 

micro-architecture, to achieve performance superior to any of the constituents – this is 

how natural materials such as nacre achieve their high strength and toughness.  

Improvements in manufacture. Additive manufacturing methods are advancing at a      

rapid pace and architected materials can be made with almost arbitrary geometry. While      

there are still constraints to the selection of constituent material (for example, light-based      
methods require photosensitive materials), these challenges are being solved. An 

important area of focus is to increase the manufacturing throughput. Many methods are 

inherently 0D (voxel by voxel) and suffer from low speed. Volumetric methods and self- 

assembly processes are a promising way forward. Another area which needs to be ad- 

dressed are manufacturing imperfections. While topology optimisation can predict micro-

structures with superior properties, once they are manufactured, we often find a 

discrepancy in real properties due to manufacturing defects. These defects arise under 

complex      

circumstances which are hard to model such as nonuniform diffusion, thermal gradients  

and associated stresses. A promising way to tackle these challenges is to employ novel  

data-driven methods.  
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Abstract: This article describes how we develop a location system for mobile robotics in the interior 

of buildings where GPS cannot be used. The article is divided into two main parts. The first describes 

algorithms developed in the Flowcode environment. These algorithms were used to test the basic 

function of such a localization system. The second part of the article lists the measurements currently 

performed on this system. Of course, additional measurements and tests are still needed. 
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1. Introduction 

Testing of the device operation as well as basic algorithms was performed using the 

Arduino UNO 328P platform [2]. The communication module for timing signals was used 

module nRF24L01, capable of transmitting signals on the carrier frequency 2.4MHz [4]. 

At the same time, these modules can be retuned to a different carrier frequency according 

to the selected channel. With a data throughput of up to 2Mb / s, 96 channels are available 

and with a data throughput of 1Mb / s, up to 127 channels are available [5]. Algorithms 

for testing were developed exclusively in the graphical programming and simulation en-

vironment Flowcode [3]. The arrangement of the basic elements in the system is shown in 

Fig.1 [12] 

 
Fig. 1 indoor location system elements [12] 

2. Generating signal transmitters and receivers 

 First one Is Timing signal transmitter for system synchronization. This module 

sends a clock (synchronization) signal to all modules. The signal synchronizes the ultra-

sonic transmitter module with the receiver modules as well as the receiver modules with 
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respect to each other [1]. A simple algorithm in conjunction with Arduino Uno and 

nRF24L01 will ensure sufficiently accurate synchronization for our purposes. The block 

diagram of the test device is easy. 

 In the test application, a 100ms time loop was used to transmit the synchronization 

signal (Fig. 2). This means that the synchronization signal was transmitted 10 times per 

second and therefore the number of measurements is limited by this value. 

 The first ultrasound signal transmitter UT0 is activated and starts transmitting the 

ultrasound signal after the information 0b00001010 (10). The second transmitter UT1 is 

activated and transmits an ultrasonic signal after the information 0b11001100 (204). The 

ultrasonic signal receiver located on the robot can evaluate the time difference between 

the synchronization signal and the received ultrasonic signal. The time difference deter-

mines the distance between the transmitter and the receiver. After evaluating the dis-

tances d0 and d1, it is not a problem to determine the position of the robot in space (xR, 

yR) since the coordinate z is given by the location of the receiver on the robot (Fig. 1). 

 
Fig. 2 Algorithm for synchronization module 

 
𝑥𝑅 = 𝑑0 ×

𝑑0
2 + 𝑑0

2 − 𝑑1
2

2 × 𝑑 × 𝑑0
 

 

(1) 

 
𝑦𝑅 = √𝑑0

2 − 𝑥2 
(2) 
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The second will be Ultrasound Signal Transmitters UT0 and UT1. The tested trans-

mitters were also implemented using the Arduino Uno platform. The nRF24L01 module 

receives the synchronization signal. The power section for transmitting the ultrasonic sig-

nal using the piezoelectric transducer UST-40T is converted using an H-bridge, which is 

primarily intended for controlling DC motors. Fig. 3 is a block diagram of an ultrasonic 

signal transmitter 

 
Fig. 3 block diagram of ultrasonic signal transmitters 

Using the H-bridge, the SignalOutUS () macro creates a so-called a modified sine sig-

nal (Fig. 4), which is more suitable than just an ordinary AC rectangular signal fed to the 

piezoelectric ultrasonic signal transmitter UST-40T. 

  
Fig. 4 Modified sine signal generated by the SignalOutUS () macro 

 

The algorithm for the transmitters (Fig. 5) is the same except for the activation byte, 

which is equal to 0b00001010 (10) for UT0 and 0b11001100 (204) for UT1. The mentioned 

value is stored in the constant "const_numUStransmiter".  

The SignalOutUS () macro in the main algorithm generates an ultrasonic wave with 

a duration of 40 periods, which is enough to be captured by an ultrasonic sensor on the 

robot. According to the performed measurements, the signal composed of approximately 

20 periods is sufficient to elicit a response on the ultrasound receiver. Therefore, up to 40 

sufficient periods are used, but at the same time such a signal still does not take long (= 

1ms) to be repeated every 100ms. At the same time, 100ms is the time for which the signal 

in the space will attenuate and the echo of the signal will not be captured on the receiver. 

The SignalOutUS () macro is shown in Fig.6 
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The third will be Ultrasound signal receiver. The task of this module is to receive an 

ultrasonic signal, evaluate the distances from the transmitters and finally use the above 

equations to calculate the position of the robot. The block diagram is shown in Fig.7. 

 
Fig. 7 block diagram of the ultrasonic sensor 

Fig. 6 Macro SignalOutUS () 

Fig. 5 Ultrasound signal transmitter algorithm 
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Fig. 8 Algorithm for ultrasonic signal receiver 

3. Measurement Results 

For the initial evaluation of the functionality of the proposed solution for evaluating 

the position of robots in the internal spaces of buildings, measurements were performed 

in three different positions of the ultrasonic signal receiver. 100 measurements were per-

formed in each of these three positions. The distance between the transmitters d was 

100cm. Positions in which the measurement was performed [55, 85], [25, 65], [60, 65]. The 

measurement results are shown in graphs 1, 2 and 3, which show the frequency of results 

for measurements at individual points.  

Graph 2 measurement in point [26, 65] and 

frequency of results 

Graph 1 measurement in point [55, 85] and 

frequency of results 
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4. Conclusions 

The first results show that the design is viable, and it is probably possible to create a 

positioning device inside buildings with high accuracy at a very low cost. Of course, ad-

ditional measurements are required. It is necessary to increase the range of the system at 

least 3-4 times, when using the matrix arrangement of transmitters in the ceiling will con-

tain large spaces with the same accuracy. It is also necessary to work on increasing the 

stability of the system and eliminating external interference of the ultrasonic signal. 
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Abstract: The paper presents the results of research aimed at increasing the life of molds and cores 

for high – pressure aluminum casting. The castings produce is intended for the automotive industry. 

Local impulse heating was applied to the surface of the base material of the Uddeholm Dievar 

molds. Three heating rates were used. After surface treatment, structural analysis was performed. 

PVD coating nAcRo3 was applied to the surface treated in this way. Coating deposition was per-

formed by LARC technology. After laser treatment of the material surface and application of 

nACRo3 coating, the surface microgeometry was evaluated according to ISO 25 178. The coated 

surface was then immersed in an Al-Si alloy melt at a temperature of 680 ± 20°C and remaining in 

the melt for 120- and 300-min. Experimental work has confirmed that the resistance of the mold 

surface has significantly increased. At present, the mold with a modified surface is included in the 

production and the four times exceeded its service life. 

Keywords: die casting, aluminum, cores 

 

1. Introduction 

Aluminum is a widely used material in the automotive industry. The use of special 

aluminum alloys as materials to produce components and automotive parts allows the 

construction of lightweight components, which lead to an overall reduction in weight and 

thus to a reduction in fuel consumption. Aluminum alloys used for various body parts in 

the automotive industry are produced by gravity casting or high-pressure casting 

(HPDC). One of the main issues in the casting process is the durability of the molds and 

their components. In fact, in the high pressure die casting (HPDC), the molds are exposed 

to high temperatures of molted aluminum (670 °C – 710 °C), which flows into the mold at 

a high speed of 30 – 100 m/s and with an injection pressure of 50 – 80 MPa. When casting 

aluminum alloys, the cyclic process leads to a thermocycle loading of the tool surface in 

the temperature range from T = 90 °C during cooling to T = 600 °C. Therefore, the mold is 

exposed to erosion, corrosion, die soldering or matrix bonding due to frequent contact 

between the mold surface and the molten metal. Mold insert is an important part of molds 

commonly used in casting. The aim is to realize specific shapes in castings, such as cavities 

and undercuts [1-4]. Innovative hard coatings to protect surfaces against wear are of great 

interest to industry and research institutions in many areas, such as cutting, shaping, and 

casting tools, mechanical components in general and even biomedical prostheses. Coat-

ings produces by physical vapor deposition (PVD) are recognized as one of the most in-

teresting technologies for protection and surface treatment of products, given the existing 

potential for the synthesis of materials with unique mechanical, physical and chemical 

properties [1-4]. 
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1.1 Arc evaporation technology 

Arc evaporation deposition is a PVD method where electrode particles evaporate 

from an a electrode (source of material) under arc conditions. Arc conditions consist of 

high current, low voltage passing through a gas or vapor of electrode material. The arc 

voltage must be close to the ionization potential of the gas or vapor (>25 V). Ion 

bombarment at the cathode and electron bombardment at the anode heat the electrodes. 

A high percentage of evaporated atoms is ionized in the arc evaparoration process due to 

the high electron density. An arc can be created between closely spaced electrodes in a 

high vacuum (vacuum arc) or between electrodes in a gaseous enviroment with low or 

high pressure (gas arc). For PVD methods, the arc can be considered a unique source of 

evaporation along with thermal evaporation and sputtering [5]. Advantages of arc 

evaporation [5]: a higher evaporation rate than most forms of sputtering, the use of low 

voltage power supplies for human safety, a larger effective target surface area of the 

source material, homogeneous vertical distribution of the coating thickness and other. 

Disadvantage of arc evaporation is the lower evaporation rates compared to thermal 

evaporation technology [5]. 

1.2 Nanocomposite coating nACRo3 

The range of PVD coatings currently in use is relatively wide and is constantly ex-

panding due to the development of new technologies and market requirements. Hard 

nanocomposite coatings deposited by PVD technology are used to reduce abrasive wear, 

increase corrosion resistance, increase resistance to fatigue wear etc. Nanocomposite coat-

ings contain at least two phases, a nanocrystalline phase and a matrix phase, wherein the 

matrix can be either a nanocrystalline or an amorphous phase. This group of coatings also 

includes naCRo3 coating. These are nanocrystalline grains embedded in an amorphous 

matrix Si3N4. It belongs to the group of duplex coating of the 3rd generation of nanocom-

posite type [6,7]. The composition of nACRo3 is as follows [7]:  

               CrN + AlTiCrN + nc-AlCrN/a-Si3N4 

It is characterized by high wear resistance and can withstand high temperatures (900- 

1100 °C), coating has excellent resistance to oxidation and corrosion, high hardness while 

maintaining a tough core and many other favorable properties. The coating is very com-

pact and of high strength structure. Nanoparticles provide both high hardness and tough-

ness. They are suitable for depositing a wide range of materials [7,8]. In figure 1 is the 

LARC coating technology and an SEM image of the nACRo3 coating [7]. 

 

                        Fig. 1 LARC coating technology and SEM image of the nACRo3 [7] 

2. Materials and Methods 

The innovative surface treatment of the mold parts consisted of local intensive heat-

ing of the surface of Uddeholm Dievar material by laser radiation in the recrystallization 

temperature range without melting the material, finishing grinding to the required sur-

face geometry and deposition of duplex PVD coatings chemically stable at temperatures. 
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Uddeholm Dievar is a Cr-Mo-V tool steel designed to work at high temperatures, which 

offers very good resistance to heat control, rough cracking, hot wear, and plastic defor-

mation. It is characterized [9]: excellent toughness and ductility, good weather resistance, 

excellent hardenability, good strength at high temperatures, dimensional stability during 

the heat treatment and coating deposition process. The chemical composition of the ma-

terial is in Table 1: 

Table 1 Chemical composition of the Uddeholm Dievar material [9] 

 

Element C Si Mn Cr Mo V 

(wt %) 0,38 0,2 0,5 5 2,3 0,6 

 

The material excels with its excellent mechanical properties such as high tensile 

strength, yield strength, good hardness, and others [9]. Table 2 shows the values of me-

chanical properties of the material. 

Table 2 Mechanical properties of the Uddeholm Dievar material [9] 

 

Hardness [HRC] Tensile strength [MPa] Yield strength [MPa] Ductility [%] 

44 1480 1210 13 

 

Areas of application of Uddeholm Dievar materials [9]: Forging, hot stamping of 

sheets, casting and hot forming, metal extrusion, die casting of aluminum and its alloys 

etc. 

The main parameters of die casting were: cutting area was 225 mm2, piston speed 

was 4 m/s, melt velocity in the cut was 100 m/s, filling of the mold cavity was 3 s, solidifi-

cation of the casting in the mold was 2 s and the total contact time of the casting with the 

mold cavity, when the mold was closed and open was 14 s. Safety Lube 8715 release agent 

was used to treat the mold parts. As a basic test experiment, the aim of which was to obtain 

information on the structure and changes in the strength properties of the material was 

the direct exposure of ground and polished samples in the AlSi8Cu3 alloy melt for 15 and 

300 minutes at a temperature of 680 ± 20 °C. The second test criterion was a comprehensive 

analysis of the materials of worn shaped parts of molds and cores. The wear analysis of 

the mold parts was focused on the identification of degradation mechanisms in those ar-

eas that were in contact with the molten metal and at the points of contact of the moving 

cores with the mold parts. The surface condition of the molded parts was examined by 

scanning electron microscopy and qualitative EDX microanalysis to obtain information 

on the morphology of the surface that was in contact with the aluminum melt, the surface 

morphology in the core and mold zones and the nature of cracks visually observed around 

the mold cavity ejectors. Samples for microstructure analysis were prepared in conductive 

dentacryl Polyfaste, ground on sandpaper grit 240, 400, 600 and 800, moistened with wa-

ter, polished with diamond paste, grit 1/0 on satin moistened with kerosene, washed, and 

rinsed with benzyl alcohol. The samples were sonicated in methanol before observation. 

Samples were taken so that there was a zone of contact of the cores with the shaped part 

and a zone of contact of the aluminum melt and the shaped part on their surface. A solid-

state laser operating in a continuous mode at 400 W with a beam diameter of 3 mm and a 

T00 beam mode created three tracks on the surface with a beam speed of 20 mm/s, 30 mm/s, 

40 mm/s, and 60 mm/s. The surface microgeometry of the PVD duplex coating deposited 

on the laser treated surface was evaluated according to ISO 25 178. 

3. Results 

In the test specimens with a ground and polished surface, after 15 minutes of expo-

sure in the melt of the aluminum alloy, a hardened aluminum alloy remained on both 
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surfaces of the test specimens. An increased concentration of iron, chromium and manga-

nese was detected in qualitative EDX microanalysis in a variable width aluminum alloy 

just at the test sample – AlSi8Cu3 alloy interface. The hardness of the insert material after 

15 minutes of exposure in an AlSi8Cu3 melt at 680 ± 20 °C was 44 HRC (fig.2). 

 

 
                            Fig. 2 Interface of insert material and AlSi8Cu3 after 15 minutes exposure in the melt  

                                                          at 680 ± 20 °C 

 

After 300 minutes the exposure of the test specimens in the aluminum alloy melt was 

a non-compact peeling layer of solidified aluminum alloy on the ground and polished 

surfaces of the test specimens. The breach of integrity in the solidified aluminum alloy 

layer was mainly in the zone enriched with iron, chromium, and manganese. A portion of 

the enriched aluminum alloy layer was firmly anchored to the ground and polished sur-

face of the test specimens. The hardness of the insert material after 300 minutes of expo-

sure in an AlSi8Cu3 melt at 680 ± 20 °C was 21 HRC (fig.3). 

 

                            
                           Fig. 3 Interface of insert material and AlSi8Cu3 after 300 minutes exposure in the melt  

                                                        at 680 ± 20 °C 

On the surface to the shaped part of the movable half of the mold perpendicular to 

the parting plane, there were cracks in the vicinity of the ejector opening, which passed to 

the surface into the cavity for the solid core perpendicular to the parting plane. Mechanical 

wear of these parts occurred at the points of contact between the moving cores parallel to 

the parting plane and the shaped parts of the mold (fig.4). 

 

  
                       Fig. 4 Contact area of the moving core and the shaped part of the mold - mechanical wear 

 

Changes in the microstructure and defects typical of thermal fatigue wear not ob-

served by light microscopy in the zones of contact of the aluminum melt with the mold 

part. There was a compact layer 1 μm to 5 μm thick on the surface of the shaped parts, 
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which were in contact with the aluminum alloy melt and in the die casting process. On 

the surface of the shaped parts, due to repeated impacts of the moving core on the surface 

of the shaped parts of the mold, it caused intense plastic deformation associated with the 

separation of the plastically deformed parts of the surface of the shaped part. Surface dam-

age occurred around contact between the moving core and the mold parts. The surface of 

the insert was repeatedly treated with a release agent during the casting process (fig.5). 

At the laser beam speeds were determined the heating depths as showing in fig.6.  

                       

                      Fig. 5 Area of repeated contact - impact of the movable core parallel to the parting plane  

                      with the surface of the mold part – inserts 

 

                     

       Fig. 6 Surface hardening by laser 

 

A martensitic – carbide fine grained structure formed below the surface, which 

passed into the sorbitic microstructure through a not fully austenitized zone. The aim was 

to determine the parameters of the laser heat treatment so that the surface did not melt. 

The surface microgeometry parameters (tab.3) of the PVD duplex nACRo3 coating evalu-

ated according to ISO 25 178 were not significantly affected by the surface pretreatment 

by laser heat treatment and grinding with respect to the ground surfaces. 

 

Table 3: Surface parameters according to ISO 25 178 nACRo3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PVD coating 

duplex nACRo3 

PVD coating 

duplex nACRo3 

on a laser treated 

surface 

Sq 1,04329 μm Sq 0,378681 μm 

Ssk 0,115223   Ssk 0,248894   

Sku 3,06638   Sku 10,4354   

Sp 4,47994 μm Sp 24,0865 μm 

SV 4,81328 μm SV 7,5516 μm 

SZ 9,29322 μm SZ 31,6381 μm 

Sa 0,824397 μm Sa 0,29495 μm 
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5. Conclusions 

The high pressure die casting of aluminum alloys is one of the widely used production 

methods, as it is a technology, that can simultaneously meet the requirements for preci-

sion and productivity in the production of cars and various mechanical parts. Die casting 

molds are exposed to various thermal and mechanical loads. Thermal cracking, erosion 

and die soldering are usually the most important phenomena that shorten the life of die 

casting molds. There are several ways to modify die casting related to life predictions and 

failure modes, along with designs, heat treatments and surface engineering techniques in 

the form of hard nanostructured coating to extend mold life. In ground and polished sam-

ples after 15 minutes in the melting of Al alloy, a solidified Al alloy was detected on the 

surface. EDX analysis revealed higher concentrations of Fe, Cr and Mn with a hardness of 

44 HRC a temperature of 680 ± 20 °C. After 300 minutes of exposure of the samples in Al 

alloy melt, a non-pact peeling layer of solidified Al alloy occurred, mainly in the zone, 

where higher concentrations of Fe, Cr and Mn were found with hardness of 21 HRC. 

Cracks formed perpendicular to the parting plane of the mold around the ejector opening. 

Mechanical wear of the moving cores and mold parts has occurred. Using light micros-

copy in the area of contact of the Al alloy with the mold part, no changes in the micro-

structure typical of the thermal fatigue of the mold were found. Plastic deformation has 

occurred on the surface of the shaped parts due to repeated impacts of the core and mold. 

Laser heating depths from 75 μm to 160 μm at 4 different laser speeds were determined. 

A hard martensitic-carbide fine grained structure was formed, respectively sorbitic struc-

ture. The microgeometry parameters of the nACRo3 coated surface were not significantly 

affected by laser surface treatment. The mold with a modified surface is included in the 

production and the four times exceeded its service life. 
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Abstract: Molds designed for high-pressure casting of aluminum are exposed to very intense thermal, me-

chanical but also chemical stress during their operation. This stress leads to a synergistic effect of a combi-

nation of high-temperature corrosion processes in molten metals, under real conditions associated with me-

chanical wear. High-temperature corrosion in the environment of liquid metals occurs in the foundry indus-

try, when casting molten metal most often into steel molds. Repair of worn parts of molds by welding, which 

can be performed even after their irreversible surface degradation, is a very efficient, cost-effective and envi-

ronmentally acceptable form of their maintenance, while the chemical and physical properties are welded 

layers if they exceed the properties of the original material. 

Keywords: Die casting, damage surface, casting dies, molten Aluminium, cladding, High-temperature 

corrosion, Laser, MIG Puls 

 

1. Introduction 

High Pressure Die Casting (HDPC) is a technological process widely used for 

casting complex aluminum castings, mainly associated with the automotive industry. In 

this process, molten metal with a temperature of 670-710 ° C is forced into the cavities of 

the molds at filling speeds of 30-100m/s, under pressures ranging from 40-80 MPa [1]. 

Thisloading, in combination with the corrosive properties of liquid aluminum, leads to 

aluminization or oxidation of them old surface, which results in thermal fatigue of the 

surfaces followed by cracking, soldering and erosive wear. The service life of die matri-

cesmade of steel alloys is approximately 100,000 cycles and can be increased either by 

heattreatment, thin coating or welding [2-4]. At present, the issue of surface treatment of 

various materials is becoming more and more important. It offers savings in strategic 

materials and at the same time enables the production of components with specific sur-

face and volume properties. Because resources are limited by conventional technologies, 

it is becoming increasingly difficult to meet more advanced customer needs [5-6]. There 

are many methods for substrate treatment, but coatings developed, for example, by 

electrostatic, chemical, physical deposition techniques, have lower bond strengths or 

verylow reproducibility than surfacing. Refurbishing worn parts of machines is a very 

efficient and environmentally friendly form of their maintenance. This option can reduce 

the environmental impact over the whole lifecycle of the component by up to 63.8% [7]. 

 

Laser cladding 

Laser welding is a technology used to create coating layers with improved properties, 

or to recoverd efects in worn parts of the surface and base layers of components. Due to the 

high energy density and relatively small heat affected area, this method is suitable 

forprocessing a wide range of materials. It is mainly used in th eautomotive, aerospace, 
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medical, nuclear and oil industries. In the aero space industry, the welding of layers to 

aluminum alloys has an increasing potential to improve their surface properties [8-10]. 

This technology uses highly concentrated waves of light, concentrated at a certain 

point. In the area affected by the laser beam, atomic bonds disintegrate, causing it to heat 

up. The three most common types of lasers used in laser welding equipment are gas, se-

miconductor and fiber. The laser beam is guided into the welding device by one or more 

optical fibers concentrated at one point. With each fiber added, the intensity of the laser 

beam also increases [11-14].Before the laser beam leaves the welding device, a combination 

of collimator and focusing lenses is often used to direct this radiation to a very small area. 

An important part of the laser welding equipment is also the nozzle supplying the pro-

tective atmosphere gas, most often CO2. this gas prevents contact between the weld pool 

and the atmosphere. Another possibility is laser welding without a protective atmosphere, 

for example when welding plastics. Vacuum welding is possible but difficult to use, due to 

the high demands on the construction of the welding equipment[13]. 

 
Figure 1. Schematic representation of laser beam welding [13] 

 

MIG / MAG welding (GMAW) 

The principle of the MIG / MAG method is to burn an electric arc between the conti-

nuously fed melting electrode and the material to be welded. The welding wire is wound 

on a spool, from which it is fed to the welding gun via a system of drive rollers. The 

electrical voltage is applied to the electrode via a contact nozzle, which is usually con-

nected to the positive pole of the source, while the workpiece is connected to the negative 

pole. The shielding gas is supplied by a gas nozzle surrounding the contact nozzle. At an 

increased load of 300 - 500 A, the welding gun is usually water-cooled [15-17]. 

The additional material in the form of wire is divided into 2 basic groups. The first is a 

solid wire designed for welding with inert and active gases in diameters of 0.6 - 2.4 mm. 

Such wires are coated with a thin layer of copper, especially for larger diameters, due to the 

increased power supply. The second group are core wires, which consist of a metal outer 

sheath enclosing a flux, or a metal powder located in the core of the electrode. such 

electrodes are mainly used for welding thicker sheets, for rounded and butt welds, or for 

welding with robots in a horizontal position [18]. The use of these wires increases the re-

sistance of welds to cracking, provide deeper penetration into the welded material, incre-

ase the range of applicability of the welding equipment. The disadvantages are the higher 

cost, the finishing operations of the weld surfaces and the increased production of harmful 

fumes [19-20]. 
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Figure 2. Schematic representation of the MIG / MAG method [18] 

 

2. Materials and Methods 

Two different technologies were used for the production of the samples below, 

while the aim of the work was to determine the impact of individual technologies not 

only the quality but also the chemical composition of the welds and the minimization of 

the heat-affected area. Each of the technologies listed below has a different heat input, 

which is reflected not only in the quality of the weld but also in the degree of mixing of 

the base material with the weld metal. 

Two disk laser welding samples (sample 01), MIG Pulse (sample 03), were applied 

to the additive material. Sample welds marked 01, 03 were applied on a substrate of 

nickel - chromium - molybdenum - vanadium steel 1.2714, DIN - 56NiCrMoV7. Ud-

deholm Deivar 1.2344, DIN - X40CrMoV51 1.2 mm diameter welding wire was used as an 

additional material. Pin on disk tests and hardness curves were performed on the sam-

ples. 

The welds were applied to samples of two base materials. On base material made of 

nickel - chrome - molybdenum vanadium steel 1.2714, DIN - 56NiCrMoV7, with hard-

ness 44 HRC Tab. 1. 

Table 1. Chemical composition of the base material 

Element  C  Mn  Si  P  S  Cr  Fe  Ni  Mo  V  W  

Wt. [%]  0.397  0.72  0.238  0.004  0.002  0.969  95.76  1.253  0.438  0.089  0.12  

 

Uddeholm Deivar 1.2344 welding wire, DIN-X40CrMoV51 with a diameter of 1.2 mm and 

 a hardness of 51 HRC was used as an additional material for the formation of welding 

 layers [36]. 

Table 2. Chemical composition of the additive material [36] 

Element C  Cr  Si  Mo  Mn  V  

Wt. [%]  0.35  5.00  0.20  2.30  0.50  0.60  

 

Table 3. Parameters of welding 

Welding tech-

nology 

Disc laser weld-

ing 

 

 MIG Pulse 

Welding: 

 

Welding  

equipment 

The TruDisk 4002 

solid-state disk laser 

with BEO D70 focus-

ing 

Welding 

equipment 

Fronius TPS600i 

welding power source 

Focal length 200 mm Welding current 196 A 
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Laser power 1.8 kW 

 

Welding voltage 23.8 V 

 

Optical fiber 

diameter 

400 μm 

 

Wire feed speed 6.5 m. min-1 

 

Welding speed 10 mm. s-1 

 

Welding speed 8 mm. s-1 

 

Focusing - +6 mm 

 

Arc length correc-

tion 

3 

 

Wire feed speed 70 cm. min-1 

 

Pulse/dynamics 

correction 

0.0 

 

Shielding gas 

flow rate 

Ar 30 l. min-1 

 

Shielding gas flow 

rate 

Ar 30 l. min-1 

 

  Pre heating of base 

material 

base material was 

preheated to 300 ° C 

before welding 

   5 mm 

 

  Distance burner - 

sheet metal surface 

19 mm 

 

 

3. Results 

 

Figure 3. Graph shows the individual values of the hardness of the welds measured in 

two lines and the value of the hardness of the base material on the sample 01, created by 

disk laser welding 

 

Figure 4. Graph shows the individual hardness values measured in two lines and the 

hardness value of the base material on sample 03, created by MIG Pulse technology 
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Since one step was 0.3 mm when measuring hardness, the thicknesses of the welds 

ranged from 2.8 to 4.7 mm. The weld 01 had an average hardness value in the range of 

450-500 HV0.5. In sample 03, see. Figure 4, 20 measurements were made, the average 

value of the hardness of the weld metal being in the range of 400-500 HV0.5. From the 

fact that the hardness of all samples is in the range of 500 HV0.5, it is clear that the mixing 

of the base material and the weld metal has been eliminated, therefore in neither method 

it is necessary to apply another layer during welding. At weld 03 (MIG Pulse), the width 

of the heat affected zone was around 1.2 mm. the wider heat affected area was recorded 

by disk laser welding on a sample marked 01, the width of which was around 1.8 mm. 

 

 

Figure 5. Scheme of the tribo wear track on sam-

ple 01 produced by the Pin-on-Disc test 

Figure 6. 3D picture of the tribo 

wear track on sample 01 produced 

by the Pin-on-Disc test 

 

 

 

 

Figure 7. Scheme of the tribo wear track on sam-

ple 03 produced by the Pin-on-Disc test 

Figure 8. 3D picture of the tribo 

wear track on sample 03 produced 

by the Pin-on-Disc test 

The comparison of the surface of the sample 01 coating (see Figure6) with that of sample 

03 surface (see Figure 8) indicated that the wear track of the latter was by far shallower 

and smoother and the shift of the coating material from the centre to the sides of the wear 

track was less pronounced. 

5. Conclusions 

The presented article is focused on the analysis of the quality of two types of welds in-

tended for the renovation of molds in high-pressure aluminum casting. Two different 

welding and disk laser welding technologies and MIG Pulse welding were used to pro-

duce the test specimens. Uddeholm Dievar 1.2344 welding wire was used as an addi-

tional material in all samples due to the fact that this material is used in the renewal and 

renovation of functional parts of molds, for die-casting of aluminum. In the theoretical 

part, the problems and mechanisms of wear of die matrices for high-pressure aluminum 

casting are characterized, together with an overview of welding technologies used in the 

formation of welding layers in various industries. The experimental part was focused on 

determining the quality of the above welds. The quality of the welds was assessed on the 
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basis of the heat-affected zone, which was determined from the course of the graphs, 

when measuring the hardness. Tribological parameters of the welds were investigated 

using the Pin-on-disc test. From the measurement of the hardness of individual samples, 

it is possible to deduce that the narrowest heat-affected area had a weld marked 03, cre-

ated by the Mig Pulse method. The widest heat affected area was recorded on a sample 

labeled 01, created by a disk laser. Based on the Pin-on-disc test, it is possible to use that 

sample 03 is much smoother and the shift of the coating material from the center to the 

wear sides was less pronounced. Based on the implemented experimental work, it is 

possible to recommend these technologies in practice in order to renovate the molds. 

Better results were obtained with a sample of weld 3 marked Mig Pulse. 
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Abstract: The present study aims to determine the methodology of sample preparation for testing 

the adhesion of metal-ceramic dental prostheses. The first part describes the design of the shape of 

samples for CAD software and their subsequent production using 3D printing and CNC milling. 

Subsequently, the procedure of applying the ceramic component to the prepared metal-based sam-

ples is described in detail. In the next part, the study focuses on the standardization of sample testing 

and the determination of indentation testing methodology. 

Key words: ceramic; adhesivity; CoCr sample, Ti sample, zirconium  

 

1. Introducition 

Over the last five decades, the development of biological materials has advanced sig-

nificantly and visibly improved the durability and quality of dental prostheses. Each bio-

material has its specific chemical, physical, mechanical and biological properties, which 

are important especially for the behaviour and the resulting effect of the implant. 

The forces that act on the teeth vary depending on what type of food is chewed. The 

force applied to one tooth is also different to the total force between all the contacting 

teeth during chewing. The maximum bite force ranges from 500 N to 700 N. [1]. These 

high forces are thought to be a decisive factor in the friction of the tooth surfaces and the 

abrasiveness of the tooth surface [2]. 

The chewing of an individual is influenced by various factors that manifest them-

selves throughout life. Such basic factors include the following: age (low, high), food sta-

tus (mushy, hard), pathology (bruxism). 

Bruxism often results in physical damage to the enamel or altered chewing muscle 

function. Since muscles are the main generators of chewing force, a change in their func-

tion may be reflected in the value of the maximum bite force (MBF). According to a study 

[1], patients who regularly train their masticatory muscles can develop more bite force 

over the time. 

Several studies describe the various factors and influences that can cause an increase 

in the value of the maximum bite force. Such examined factors include the sex of the indi-

vidual, where the anatomical differences of the individuals as well as the average of the 

muscle fiber thickness and the incidence of bruxism in the given individuals were exam-

ined. [2-8] 

The role of dental materials used in dental prosthetics is to supplement defect of hard 

tissue in the oral cavity with removable and fixed dental prostheses. They are part of the 

human body and participate in one of the most important activities of food processing - 

chewing. 
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In the oral cavity, dental materials are constantly exposed to body fluids and the 

strength of the masticatory muscles. These forces act on the teeth, producing various re-

actions leading to deformation, which can impair durability over the time.  

Prosthetic materials that are used in dental must meet strict criteria such as mechan-

ical properties, biocompatibility, wear resistance, high corrosion resistance, osseointegra-

tion, non-toxicity and long fatigue life. [9] [10]. 

Based on these findings, the present study is focused on the elaboration of a sample 

preparation methodology, which will be used to the test adhesivity of metal-ceramic den-

tal materials. 

2. Material and methods 

The present study aims to develop a methodology for the preparation of samples 

intended for testing adhesivity of materials used to produce metal-ceramic dental pros-

theses. 

2.1 Methodology of sample production 

The methodology of production specimens includes proposition of adequate shapes 

and dimensions, material selection, production of three-dimensional objects in the shape 

of boards using a 3D printer (Mlab Cusing R (GE Aditive, USA) and CNC milling machine 

Ceramill Motion 2 (Amann Girrbach, Germany), their grinding, cleaning and manual ap-

plication ceramics and related configuration of suitable kiln parameters and additional 

cleaning of samples. 

 

2.1.1. Design of samples 

The test specimen was modelled in SolidWorks 2018 3D CAD software (SolidWorks 

Corporation, USA). Based on ASTM C1624 (Standard Test Method for Adhesive Strength 

and Mechanical Damage of Ceramic Coatings Using Quantitative Single Point Scratch 

Testing), which explains in detail the scratch test principles along with limitations, ap-

plicability to various coatings, terminology, methodology, sample and equipment re-

quirements, calibration, test procedure or even specific calculations, a rectangular shape 

of the test sample was selected. The frontal plane in which the model was selected was 

selected in the software. Subsequently, a "Central Rectangular" was selected from the 

toolbar and modelled with a page size of 20 mm x 20 mm. The "Add by extrusion" function 

was used to select a body thickness of 3 mm. The resulting model was exported to .stl 

format, which can be imported into software for 3D printing and CNC milling. [11]. 

 

2.1.2. Production of samples 

Three types of test materials were chosen to produce samples. The first material is 

cobalt-chromium powder Starbond Easy CoCr Powder (Scheftner Dental, Germany). The 

second group is Rematitan CL (Dentaurum, Germany) formed by TiAl and Vanadium. 

The last group is ceramics with zirconium base Ceramill Zolid HT + white. 5 pieces of test 

samples are produced from each group of materials. 

The Mlab Cusing R 3D printer was used to prepare test samples from the CoCr and 

Ti bases. This 3D printer works using the SLM (Selective laser melting) method. The pro-

duced samples were prepared for further processing. 

The last group is different, it does not have a metal base, but a ceramic one, the pro-

duction of which is different. Five samples of zircon material with the required shape with 

dimensions of 20x20x3 mm were made on a 5-axis Ceramill Motion 2 milling machine. 

The advantage of this material is the fact that it is not necessary to apply surface ceramics 

as in the case of metal bases. The advantage of using zirconium is the combination of its 

high mechanical properties (flexural strength is around 1100 MPa +/- 150 MPa) and aes-

thetic properties (high translucency and transparency). 
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2.1.3. Ceramic application to test specimens 

The first step before applying the ceramic was to sand the sample to ensure a homo-

geneous surface. The samples were cleaned with distilled steam and dried with com-

pressed air. In the first step, a layer of Ceram Bond powder mixed with the liquid was 

applied to the CoCr and Ti sample with a brush to form a homogeneous mass. The appli-

cation of this layer is important in order to create a mechanical and chemical bond be-

tween the metal base and the ceramic. These samples were placed in a kiln and the desired 

program given by the manufacturer was selected. The whole firing process took place in 

a vacuum and was divided into four basic phases:  

• 1. 550°C, holding temperature (evaporation H2O),  

• 2. 600°- 980°C, temperature rise 55°C/min,  

• 3. 980°C, burning,  

• 4. gradual cooling. 

 

 
Figure 1. Samples after firing the first layer of Ceram Bond [own processing] 

 

It took about 15 minutes to burn the first layer. After firing, each sample had to be 

steam cleaned and dried. Subsequently, it was possible to apply the second layer - opaque. 

The opaque is a cover layer for covering the metal to prevent the metal part from shining 

through the ceramic part. The powdered opaque was mixed with distilled water to the 

desired consistency and a thin uniform layer was again applied with a brush. After appli-

cation, the structure was placed in the furnace and the firing process with individual 

phases was repeated. 

The third applied layer was already ceramics. The ceramic powder specially de-

signed for the CoCr substrate was mixed with the modelling fluid. The light pink slurry 

was then brushed onto the metal samples from centre to edge. Again, 4 phases of firing 

followed. 

After the samples had cooled, it was again necessary to steam clean the surface and 

then dry it so that the last layer of ceramic could be applied. The process was repeated. 

When applying the ceramic, it was necessary to consider the contraction of the ceramic, 

which after firing reaches a value of up to 10% compared to the unfired mass. The firing 

lasted approximately 27 minutes. Figure 2 shows the final visualization of the samples 

prepared for testing by mechanical tests. 
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Figure 2. CoCr samples after last firing [own processing] 

 

The procedure for Ti samples was the same as for CoCr samples, but a different type 

of ceramic (GC Initial, USA) was used, which is used to work with titanium. 

Ceramics were not applied to the group of zircon samples, because zircon is a ce-

ramic, therefore it has excellent mechanical and aesthetic properties, which are like ceram-

ics applied to a metal substrate. 

2.2. Standardization of sample testing 

Several standards are set to ensure relevant results of biotribiology studies. Stand-

ards such as ISO, ASTM, and others regulate and define a specific biotribological wear 

test to mimic various real-time conditions. ISO standards define the solution of proce-

dures, methods of measurement, calibration and validation. This defines in detail the test 

parameters such as applied load, ambient temperature, movement speed, number of cy-

cles, sample sizes and shapes and others. Table.7 shows information about ISO standards. 

Tab 1. ISO standards for nano-indentation [12] 

Name of the 

standard 

Title Year of publication Subject 

ISO 14577-1 Hardness and material penetra-

tion test (part 1) 

2002 (modified in 2015) Describes the test method 

SO 14577-2 Hardness and material penetra-

tion test (part 2) 

2002 (modified in 2015) Describes the procedures for 

verification and calibration 

of testing machines 

ISO 14577-3 Hardness and material penetra-

tion test (part 3) 

2002 modified in 2015) Describes the calibration of 

reference blocks 

ISO 14577-4 Hardness and material penetra-

tion test (part 4) 

2007 (modified in 2016) Describes the penetration of 

coatings and thin films 

 

Nano-indentation is a universal technique that is widely used to characterize the me-

chanical response of materials. This is a technique in which scratches are smaller than 

200nm (based on ISO 14577-1). Thin coatings have a thickness of the order of a few mi-

crons, so the conventional embossing method is not suitable for obtaining mechanical and 

tribological properties. It requires destruction and large dimensions of materials, which is 

economically unprofitable [12]. 

An optimal combination of metal and ceramic is required for a long-term clinical re-

sult. Separation of the ceramic from the metal is unacceptable to the patient and requires 

a redesign. The rate of reconstruction of metal-ceramic crowns is about 5-8% [13] [14]. 

Based on the specification of the American Dental Association 38 (2000) and the ISO 9793: 

2012 standard, the strength of metal-ceramic dental prostheses is set at a minimum of 25 

MPa. The mechanism of bonding of metal and ceramic is the result of chemical bonding, 

mechanical bonding, compressive and Van der Waals forces. Chemical bonding is the 
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most important bonding mechanism that occurs when firing ceramics. The most im-

portant factors influencing the quality of the chemical bond include temperature [° C], 

time [min], number of burns [n] and atmospheric pressure [kPa] [15-22]. Studies have 

shown that a slight change in the number and firing temperature of opaque layers will 

increase the strength of metal-ceramic dental prostheses. [23] To support the bonding of 

the layers, McLean recommends firing the opaque layer at a temperature 20 ° C higher 

than the production temperature for firing ceramics [24] [25]. 

2.3. Indentation testing methodology 

„Pin on disc “ 

The tribological properties of the applied layers can be measured at the IPR SAS in 

Košice. The CSM THT high temperature tribometer in a "pin on disc" configuration will 

be used for the measurement. Mechanical properties such as Young's modulus and hard-

ness will be investigated. Tribological pathways will be examined with a Neox Plu optical 

microscope (Sensofar, Spain). 

All three types of materials (CoCr, Ti and Zr) will be tested. There will be two samples 

from each material. One sample from each type of material will be tested with a friction 

force of 5 N, the other with a friction force of 10 N. A zirconia pin with a diameter of 5 mm 

is used as the friction body. Measurements will be performed in air, at a temperature of 

37 ° C. Humidity will be 90%, which corresponds to a humid environment in the oral 

cavity. All layers will be analyzed at a constant rotation speed of 180 mm / s, which corre-

sponds to 100 revolutions per minute with a wheel diameter of 35 mm. The length of the 

test track will be 200 m. 

 

Scratch test 

The Bruker UMT 3 universal tribometer is used to measure mechanical properties 

such as adhesion, delamination and hardness. As it has a wider load range than the CSM 

THT high temperature tribometer, tests up to 1000 N can be performed. The effect of the 

applied load on coefficient of friction and wear of the layer. 

Again, three types of materials (CoCr, Ti and Zr) covered with a ceramic layer will 

be tested. Samples are polished before testing. The polished surfaces of the samples will 

be arbitrarily divided into three fields resp. areas (left part of the sample, middle part and 

right part of the sample) (Figure 3) in order to avoid scratching on already existing 

scratches and to allow more tests to be performed on one sample. 

 

 
Figure 3. Breakdown of samples shown under a microscope 

Nine different loads of 30 N, 50 N, 60 N, 80 N, 100 N, 120 N, 150 N, 180 N and 200 N 

with a constant loading force are selected. Thus, three samples from each type of mate-

rial will be examined. A Vickers diamond indenter with a four-walled pyramid tip with 

an apex angle of 136 ° is selected for the study. The device is configured to perform a 

reciprocating motion at a speed of 10 mm / s. It will be tested under lubricated condi-

tions with an ambient temperature of 37 ° C. The effect of the applied load on the coeffi-

cient of friction and wear of the layers will be investigated. For this purpose, all layers 

will be analyzed under nine different loads. 
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3. Discussion 

As part of the theoretical research, the horizon of ceramic coatings has broadened 

and hardness test strategies have been identified. The purpose of the present study was 

to investigate the wear resistance of dental ceramic samples. The basic material of these 

coatings was metals and zirconium. The microstructure of the applied ceramic layers was 

formed by hard anchored particles. The particle properties determine the overall proper-

ties of the coating. A study of the wear mechanisms of the applied metal-ceramic layers 

has shown that, depending on the method of wear and the properties of the particles of 

applied ceramic, wear occurs preferentially in some structural samples. Therefore, atten-

tion was focused on determining the individual properties of the samples using nano-

indentor tests, which allow to determine their basic mechanical properties - hardness and 

modulus of elasticity. Their mutual E / H ratio characterizes the elastic-plastic properties 

of the evaluated materials. Knowledge of these basic mechanical characteristics not only 

makes it possible to directly predict their resistance to wear and brittle failure, but is also 

necessary to determine other material constants, such as resistance to crack propagation 

evaluated by the method of measuring indentation fracture toughness. 

4. Conclusion 

The present study focuses on the design of a sample production methodology for testing 

the adhesiveness of metal-ceramic dental prostheses and on determining the most suitable 

methods for testing the samples themselves. 

For the purposes of this study, three types of materials were selected, namely titanium, 

cobalt-chromium and zirconium. Metal samples were made on a Mlab Cusing R 3D 

printer (Concept Laser Inc., USA), zirconia were milled on a 5-axis Ceramill Motion 2 mill-

ing machine (Amann Girrbach, Germany). Layers of ceramics were applied to the metal 

substrates, which were applied by hand with a brush in the form of several layers so that 

the final thickness was in the range of 1 mm - 1.5 mm. The samples were fired in kilns at 

high temperatures under vacuum. Subsequently, a methodology of mechanical tests using 

"pin-on-disk" and "scratch test" methods was developed. 

Acknowledgments This research was supported by project KEGA 040TUKE-4/2019 Use of digitiza-

tion technologies for educational process support in the field of prosthetics and orthotics. This publi-
cation is the result of the project implementation Center for Advanced Therapies od Chronic Inflammatory 
Diseas of the Locomotion, ITMS2014+: 313011W410 supported by the Operational Programme Integrated 
Infrastructure funded by the European Regional Development Fund. This publication is the result of the pro-
ject implementation Open scientific community for modern interdisciplinary research in medicine (Acronym: 
OPENMED), ITMS2014+: 313011V455 supported by the Operational Programme Integrated Infrastructure 
funded by the European Regional Development Fund.  

Conflicts of Interest: The authors declare no conflict of interest  

References 

 

1. Available from the Internet <https://pocketdentistry.com/10-force-factors-related-to-patient-conditions-a-determinant-for-im-

plant-number-and-size/> 

2. XU, W.L. – BRONLUND, J.E. – POTGIETER, J. et al.: Review ofthe human masticatory system and masticatory robotics. Mech-

anism and MachineTheory. 43 (2008) p. 1353-1375. 

3. HELKIMO,E. - INGERVALL, B.: Bite force and functional state of the masticatory system in young men, Swed. Dent. J. 2 (1978) 

167–175. 

4. TODIĆ, J.T. - MITIĆ, A. - LAZIĆ, D. et al.: Effects of bruxism on the maximum bite force, Vojnosanit Pregl 2017; 74(2): 138–144 

5. GIBBS, CH.- MAHAN, PE.- MAUDERLI, A. et al.: Limits of human bite strength. J Prosthet Dent 1986; 56(2): 226−9. 

6. PEREIRA-CENCI, T.- PEREIRA, LJ. – CENCI, MS.: Maximal bite force and its association with temporomandibular disorders. 

Braz Dent J 2007; 18(1): 65−8. 

7. BONAKDARCHIAN, M. – ASKARI, N. – ASKARI, M.: Effect of face form on maximal molar bite force with natural dentition. 

Arch Oral Biol 2009; 54(3): 201−4. 

8. COSME, DC. – BALDISSEROTTO, SM. – CANABARROSDE, A. et al.: Bruxism and voluntary maximal bite force in young 

dentate adults. Int J Prosthodont 2005; 18(4): 328−32. 

Miro
Psací stroj
   6



Novus Scientia 2022 64 of 7 
 

64 

 

9. HUSSEIN, A. M. – MOHAMMED, A. S. - AL-AQEELI, N.: Wear Characteristics of Metallic Biomaterials: A Review. Materials 

2015, 8, 2749-2768. ISSN 1996-1944. 

10. BRANEMARK, P.I.: Osseointegration and its experimental background. J. Pros. Dent. 1983, 50, 399‒410. 

11. DR. NICHOLAS - X. RANDALL, Scratch Test [online] [cit.2021-12-14]. Dostupné z: https://www.qualitymag.com/arti-

cles/89229-scratch-test 

12. 51]. ABDULAZIZ S.- i HUSSAIN A.: Finite element modeling of nano-indentation technique to characterize thin film coatings. 

Diel 31, Vydanie 1, Január 2019, strana 61-69 

13. POWERS JM- WATAHA JC. Dental Materials: Properties and Manipulation. 9 th edn. St. Louis, Missouri: Elsevier; 2008 

14. HATRICK CD - EAKLE WS - BIRD WF. Dental Materials: clinical applications for dental assistants and dental hygienists. 2 nd 

edn. St. Louis, Missouri: Elsevier; 2011:100-26. 

15. CHEUNG KC - DARVELL BW.: Sintering of dental porcelain: effect of time and temperature on appearance and porosity. 

Dental materials 2002; 18: 163-73. 

16. GUPTA KL - NEERAJ N.: Evaluation of the bond strength of porcelain to nonprecious metal copings under different firing 

atmospheres. Indian Journal of Dental Sciences 2011; 2(3): 1-4 

17. RAYYAN MM.: Effect of multiple firing cycles on the shear bond strength and failure mode between veneering ceramic and 

zirconia cores. Egyptian Dental Journal 2014; 60(3): 3325-33. 

18. SAYED NM.: Shear bond strength and failure mode between veneering ceramic and metal cores after multiple firing cycles. 

Egyptian Dental Journal 2015; 61: 659-66. 

19. VASCONCELLOS LG - BUSO L - LOMBARDO GH - SOUZA RO - NOGUEIRA JR L - BOTTINO MA et al.: Opaque layer firing 

temperature and aging effect on the flexural strength of ceramic fused to cobalt-chromium alloy. Journal of prosthodontics 2010; 

19: 471-477. 

20. MONIKA S - YASHPCAL S - ARVIND T - SAUMYENDRA VS - BIKRAMJIT B - SURESH C.: Effect of firing temperatures on 

interface of porcelain fused to metal restorations: An in vitro study. Indian J Stomatol 2011; 2(4): 222-26. 

21. ALI RT - ISMAIL K - SERDAR P - MERAL AM - MEHMET D.: The effect of repeated porcelain firings on corrosion resistance 

of different dental alloys. J Adv Prosthodont 2013; 5: 44-50. 

22. TUNCDEMIR AR - KARAHAN I - POLAT S - MALKOC MA - DALKIZ M.: The effect of repeated porcelain firings on corrosion 

resistance of different dental alloys. J Adv Prosthodont 2013; 5: 44-50. 

23. VASCONCELLOS LG - BUSO L - LOMBARDO GH - SOUZA RO - NOGUEIRA JR L - BOTTINO MA - et al.: Opaque layer 

firing temperature and aging effect on the flexural strength of ceramic fused to cobalt-chromium alloy. Journal of prosthodontics 

2010; 19: 471-477. 

24. OLIVIERI KAN - NEISSER MP - BOTTINO MA - MIRANDA ME.: Bond characteristics of porcelain fused to cast and milled 

titanium. Braz J Oral sci 2005; 4(15): 923-8. 

25. GIANNARACHIS C - MARMANDIU C - VASILESCU VG - VASILESCU E - PATRASCU I.: Studies on the importance of metal-

ceramic bond in merging ceramic mass on metal component. Fascicula 2013; 17(2): 5-12. 

https://www.qualitymag.com/articles/89229-scratch-test
https://www.qualitymag.com/articles/89229-scratch-test
Miro
Psací stroj
   7



     

65 

 

Overview of software designed for modelling parts made of 

composite materials 

Nikita Veligotskyi 1,*, Anna Guzanová 1 and Albert Mareš2 

1 Technical University of Košice, Faculty of Mechanical Engineering, Department of Technologies, Materials 

and Computer Aided Production, Slovakia; anna.guzanova@tuke.sk 
2 Technical University of Košice, Faculty of Mechanical Engineering, Department of Automotive Production, 

Slovakia; albert.mares@tuke.sk 

* Correspondence: nikita.veligotskyi@tuke.sk;  

Abstract: The paper deals with the description of selected software applications suitable for creating 

models of parts from composite materials. The article contains an overview of composite materials 

and a more detailed description of selected software in which a part made of composite material 

can be modelled.  

Keywords: Reinforced composite materials, CATIA V5, SolidWorks, Helius Composite, Autodesk 

Fusion 360, Comsol Multiphysics, ANSYS Composite PrepPost, ANSYS Composite Cure Simula-

tion, MSC NASTRAN. 

 

1. Introduction 

The field of production technologies is constantly being improved and developed. 

Development and innovation lead many manufacturers to implement new materials in 

vehicle construction. Composite materials also belong to such materials. 

As the production of these materials is economically and time consuming, the con-

stant production of test specimens and their testing and finding the best solution would 

be economically and time consuming. To help manufacturers, special applications have 

been created in which it is possible to model a specific part, define its material, test its 

response to different types of stress and find optimal solutions. It is also possible to com-

bine parts into an assembly and monitor its behavior in different conditions. The aim of 

the paper is to give an overview of composite materials and describe the main functions 

of selected software, which are most often used to model parts made from these materials. 

2. Reinforced composite materials 

Composite materials for cars are increasingly competing with commonly used met-

als. They are gradually replacing not only steel, but also aluminum alloys, which until 

recently were considered the best in all respects. At present, it is possible to produce most 

automotive parts from composite materials. A comparison of selected properties of com-

posites in comparison with steel and aluminum is shown in Figure 1 [1]. 

 

 

Figure 1. Comparison of selected properties of composite materials with steel and aluminum [2]. 
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Composite materials are created by combining two or more components into a com-

mon system, in which each component retains its specific properties. When looking at 

composites from a microscopic point of view, each phase has its own interface. The com-

posites contain at least two phases: one phase is continuous - matrix, the other is discon-

tinuous - reinforcing phase. Most preferably, the reinforcing phase is microscopic, because 

the thinner the fibre or particle, the better the resulting properties of the composite [2]. 

The properties of composite materials depend on the composition of the phases, their 

combination, and the intensity of bonding between them. The reinforcing phase can be in 

the form of fibres, ropes, threads, tapes, or multilayer fabrics. According to the type of 

reinforcement, composite materials are divided into fiberglass, carbon, boron and organic 

[2]. 

Composite matrices can be made from metals and their alloys, as well as polymers, 

ceramics, carbon and other materials. The price of a composite depends on its resulting 

mechanical properties. 

Types of composite materials: 

1. Metal matrix composites: They consist of a metal matrix (most often Al, Mg, Ni 

and their alloys), reinforced with high-strength fibres (fibre-reinforced composites) or 

finely dispersed refractory particles that do not dissolve in the base metal (dispersion-

reinforced composites). The metal matrix connects the reinforcing phase (fibres, particles) 

into one unit [2]. 

2. Composites with non-metallic matrix: Non-metallic matrices are made of poly-

meric, carbon or ceramic materials. The most common polymer matrices are epoxy, phe-

nol-formaldehyde and polyamide matrices [2]. 

3. Description of selected software applications suitable for modelling parts made of 

composite materials 

At present, special modelling software are used before any body part or interior part 

of a vehicle is created from composite material. In these software, engineers have the abil-

ity to model the shape of the required part, define the material and perform some anal-

yses. Because composite materials have their own specifics that need to be taken into ac-

count when creating models, it is not possible to use any CAD system for their modelling. 

The following is an overview of some selected software that supports modelling of com-

posite parts. 

3.1. CATIA V5 

CATIA V5 is designed to model and describe a product at all stages of its life cycle. 

In this system, complex 3D modelling functions are implemented, combined with a de-

scription of all model creation processes, Figure 2. 

CATIA V5 modules can be grouped according to various criteria, such as the area of 

application of this program. Today, there are seven: mechanical engineering, systems syn-

thesis of industrial products, product design development, engineering analysis, systems 

and communications design, design management and data exchange, and machine tool 

programming [3]. 

The CATIA V5 concept has three platform levels: P1, P2 and P3. The first platform is 

basic and is a solution for small companies. P2 contains modules that allow you to manage 

the digital model of the product and perform its collective development. P3 contains var-

ious specialized modules that provide the highest functionality and system performance. 

CATIA V5 is delivered to customers in the form of precisely defined configurations, 

i.e. groups of modules designed to solve a certain range of tasks. If necessary, it is possible 

to extend the functionality of configurations by integrating the appropriate software com-

ponents into them [3]. 

Advantages of the program: 

1. It allows to model complicated planar parts and to add material, e.g. Composite 

material.  
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2. CATIA V5 is not just a CAD system, but also a PLM (Product Lifecycle Manage-

ment) system, so once a modeled part, it can be used for the entire life cycle. 

3. CATIA is intended to be used for Architectural, Design, Electrical, and Mechanical 

streams. 

Disadvantages of the program: 

1. Expensive software 

2. Difficult to operate for beginners 

 

   

Figure 2. Examples of modelling in Catia V5 [4]. 

3.2. SolidWorks 

The following features are available in SolidWorks: 

- Volumetric modelling with the development of products that have the properties 

of completely real physical objects. It is almost ideal for product visualization. 

- Surface modelling, using curves or splines. The result is products with smooth 

curves. 

- Wire modelling [5]. 

The 3D modelling process is performed using sketches. On the existing base plane, 

the base shape is created using basic geometric elements and then drawn into space by 

operations such as rotating, extruding, drawing a sketch along a section or path. The ob-

ject can also be rounded, mirrored, create the necessary thin-walled elements and perform 

other operations, Figure 3 [5]. 

Advantages of the program: 

1. SolidWorks is more user-friendly compared to CATIA V5. 

2. SolidWorks is rich in Advanced Surfacing features that can create mid surfaces, 

planar surfaces, extend, freeform-radiated surface, Min Radius Analysis, Surface Fill, 

Swept, Symmetry Check Analysis, Trim, Undercut Analysis, and much more, but it 's 

not as extensive as CATIA V5 

3. Suitable for mechanics and machinery-related solid modeling projects 

4. Offers a demo or trial version 

Disadvantages of the program: 

1. Does not support the whole PLM (Product Lifecycle Management) product 

2. Runs only on Windows 

 

  

Figure 3. Examples of modeling in SolidWorks [6]. 
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3.3. Helius Composite 

Autodesk Helius Composite is the next generation of the popular Simulation Com-

posite Design and CompositePro software for designing and analysing fibre-reinforced 

composite materials, laminates, and other structures. Helius Composite provides access 

to a variety of composite analysis tools based on classical laminate theory (CLT) and mi-

cromechanics [7]. 

Helius Composite provides fast and accurate solutions for bending, vibration and 

deformation of laminate boards, sandwich panels, laminate pipes and beams. In addition, 

it calculates a wide range of laminate response data, such as laminate matrix stiffness and 

flexibility, equivalent technical properties, stresses and curvature of the laminate inter-

layer, layer stress, layer deformation, laminate strength, progressive laminate failure re-

actions, failure extent, etc. 

Helius Composite comes with an extensive database of predefined composite mate-

rials that can be used to create laminates, fibres, matrices and core materials that can be 

used to create new composites, composite laminates and sandwich panels, and new com-

posite materials can be added to the materials database , as well as basic materials and 

laminates, Figure 4 [7]. 

 

  

Figure 4. Examples of modeling in Helius Composite [8]. 

3.4. Autodesk Fusion 360 

The Fusion 360 software product includes a wide range of user options, Figure 5. Of 

these, special attention deserves: 

- Spline modeling. T-spline technology allows you to create objects by entering an 

exact curvature. 

- Volumetric modeling. 

- Network models. 

- Parametric modeling. Any change in parameters leads to a subsequent transfor-

mation of all related elements [9]. 

The following technologies are also implemented in the Fusion 360 program: 

- Thermal and thermo-mechanical stress analysis; 

- Static voltages and natural frequencies; 

- Nonlinear stresses; 

- Simulation of impact load; 

- Shape optimization; 

- Analysis of fasteners [9]. 
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Figure 5. Examples of modeling in Autodesk Fusion 360 [10]. 

3.5. Comsol Multiphysics 

COMSOL Multiphysics is an integrated modelling platform that includes all steps 

from creating geometry, defining material properties and describing physical phenom-

ena, to customizing the solution and subsequent processing to achieve accurate and reli-

able results, Figure 6. 

Modelling in COMSOL Multiphysics allows you to assess electromagnetism, struc-

tural mechanics, acoustics, fluid dynamics, heat transfer and chemical reactions in one 

software environment, as well as any other physical phenomenon that can be described 

by systems of partial differential equations. All these physical phenomena can be com-

bined into one model [11]. 

 

   

Figure 6. Examples of modeling in Comsol Multiphysics [11]. 

3.6. ANSYS Composite PrepPost and ANSYS Composite Cure Simulation 

ANSYS Composite PrepPost is a specialized tool that allows you to easily and con-

veniently model complex composite structures. This significantly speeds up the calcula-

tion process while maintaining high accuracy of results. ANSYS Composite PrepPost in-

cludes all the features needed to design laminate composite products. It allows to deter-

mine stresses and strains and verify them on the basis of selected fracture criteria for com-

posite materials, Figure 7 [12]. 

In the process of creating composite materials, the parts change their original shape 

and acquire a new one according to the state of stress and tension, which affects the fur-

ther operation of the product. The curing simulation in ANSYS Composite Cure Simula-

tion (ACCS) also allows you to take into account the effect of part deformation and adjust 

the workflow [12]. 
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Figure 7. Examples of modeling in ANSYS Composite PrepPost [12]. 

3.7. MSC NASTRAN 

MSC Nastran provides a complete set of calculations, including stress state calcula-

tions, safety factors, natural frequencies and vibration modes, stability analysis, steady-

state and transient dynamic process studies, heat transfer troubleshooting, acoustic phe-

nomena, nonlinear static and dynamic transitions, complex contact interaction analysis, 

calculation of critical frequencies and vibrations of rotating parts, analysis of frequency 

characteristics under the action of random load and pulsed broadband impact. It is possi-

ble to model almost all types of materials, including composite and hyperelastic. MSC 

Nastran includes a tool for automatic optimization of parameters, shape and topology of 

structures. The tool allows the use of MSC Nastran for automatic identification of com-

puter simulation model and design of experiments, Figure 8 [13]. 

 

  

Figure 8. Examples of modelling in MSC NASTRAN [13]. 

5. Conclusions 

The paper presents the types of composite materials used and a description of the 

main functions of the software that are most often used to create parts made from these 

materials. In these programs, engineers can create a model of the required part, define its 

material, determine its dimensions and perform analyses. This is necessary to identify the 

various problems or errors of the prototype in the modelling phase, to calculate the re-

quired amount of material, etc. These software make it possible to reduce the time re-

quired to develop prototypes, reduce the number of tests required during the modelling 

phase and reduce the necessary costs for the development of composite parts. 
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Abstract: The paper deals with the creation of a single lap joint and a hybrid single lap joint with 

adhesive bonding created by flowdrill technology. Al alloy EN AW-6082 T6 was chosen as the 

material for forming the joints. The load-bearing capacity of the joints was tested in shear under 

tensile stress according to the standard STN EN ISO 12996. The shape of the bushing was found to 

be satisfactory and without defects. Hybrid joints made by flowdrill technology using an adhesive 

have a higher load-bearing capacity than joints made using flowdrill technology alone. 

Keywords: flowdrill; hybrid joints; adhesive bonding; EN AW-6082 T6 

 

1. Introduction 

Nowadays, in numerous industrial applications, the fixing of thin sheet metal with 

the thin walled section and pipe-shaped profiles fitting are widely used. Moreover, due 

to the development of modern design in the automobile industry, the requirement of 

lightweight structures is high to increase the efficiency of automotive vehicles. [1]. 

 

The thermal drilling process is described as sleeve or bush forming in a single 

processing step by using rotating thermal drill tool without removal of the chip [2]. This 

process uses the frictional heat produced by a rotating tool to form a bush. This frictional 

heat, which is happened by friction or rubbing between the tool and sheet metal and leads 

to forming a hole by extrusion of sheet metal. It is clean, easy and unconventional sheet 

metal hole drilling method. The process is also named as friction drilling, flow drilling, 

thermo-mechanical drilling, friction stir drilling, flow drilling, thermal friction drilling 

and form drilling. The purpose of this unconventional hole production method is to 

increase screwing length in thin-walled sheet metals through the formation of the bush, 

to assembly thin sheet metals. 

 

In the thermal drilling process, the possibility of producing reliable strong bolted 

fastenings by bush shape formation which is about 3-times thicker than the original sheet 

metal, because the metal at drilling zone is deformed without any metal loss. As per the 

working principle of process, the volume of material displaced is the same as the volume 

of material deformed by bushing can be calculated as follows where Di and Do represent 

inner diameter and outer diameter of bush, Wt is the workpiece thickness and BH denotes 

bushing height in mm. 
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2. Materials and Methods 

 

2.1 Material 

 

Aluminium alloy 6082 is a medium strength alloy with remarkable corrosion 

resistance. T6 implies that the alloy is heat treated and artificially aged. It has the highest 

strength of the 6xxx series. Aluminium alloy 6082-T6 shows excellent performance in 

machining operations. This grade substitutes to the conventional 6061 alloy in many 

structural applications in which improved mechanical properties are required. It is widely 

used in transport and structural applications in which high stress resistance is essential. It 

can be found in the exterior of the planes fuselages and it is a real alternative to 

conventional mild steel in automotive body panels and structures [3]. Mechanical 

properties are listed in table 1. The chemical composition of the material (% of weight) is 

reported in table 2. 

Table 1. Mechanical properties and some specific conditions of material 

 EN AW-6082 T6 

Re [MPa] 290 

Rm [MPa] 340 

A80 [%] 14 

Thickness [mm] 1 

condition 
solution treated, 

artificially aged 

 

Table 2. Chemical composition of material 

EN AW-6082 T6 
1.0%Si, 0.4% Fe, 0.06% Cu, 0.44% Mn, 

0.02% Cr, 0.08% Zn, 0.03% Ti, Al-balance 

 

2.2 Flowdrilling process 

 

According to the thickness of the joined materials and the thickness of the overall 

joint, the Flowdrill Long thermal drilling tool with a diameter of 5.3 mm was chosen. The 

tool did not have a collar cut part. Process parameters are given in table3. 

Table 2. Flowdrill tool and parameters 

 
Cutting speed of the tool 113 m∙min-1 

Revolutions per minute 7200 min-1 

Tool penetration speed 200 mm∙min-1 

 

The tool penetrated 0.1mm (figure 1) below the level of the upper material. The tool 

remained in this position for 0.8 s. The process was performed on a DMC 635V ecoline 

machine. 
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Figure 1. Tool penetration in process 

2.3 Shape and dimensions of test samples 

The samples were prepared according to the standard STN EN ISO 12996 [4]. The 

main parameter was the tool diameter. The resulting sample dimensions are shown in the 

figure2. The hole is always created in the middle of the overlapped area. 

 

 
 

Figure 2. Dimensions of the sample and joint assembly 

Adhesive RB 5197 (Henkel) was used to bond the samples. 

 

2.4 Adhesive joining 

 

The adhesive used is based on rubber. The adhesive is suitable for combination joints 

with resistance welding. The thickness of the adhesive was 0.2 mm. The tensile strength 

of the adhesive is 12 MPa, the shear strength at 20 °C is> 15MPa. 

 

Pretreatment of bonded materials before adhesive joining was as follows: 

1. degreasing 

2. immersion in an organosilane solution to improve adhesion. 

 

Procedure for creating hybrid joints: 

1. application of adhesive 

2. joining two samples with defined overlap 

3. flowdrill process 

4. curing adhesive (175 °C, 25 min) in the oven. 

 

2.5 Testing of assemblies 

 

The load-bearing capacity was tested in shear under tensile load. The joints were 

tested on a TIRA test 2300 universal tearing machine. The loading speed was 10 mm∙min-
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1. Load-displacement dependence was recorded during the load. From the obtained 

dependences we determined the following mechanical characteristics of the joints, 

recommended by the standard STN EN ISO 12996: 

• Fmax - tensile shear force, maximum force recorded during the test. 

• sFmax - displacement at tensile shear force Fmax. 

• 0.3Fmax - tensile shear force on the descending part of the curve 

corresponding to 30% of Fmax. 

• s0.3Fmax - displacement at 0.3Fmax. 

 

3. Results and discussion 

According to [5-7], the quality of the joints is dependent on the shape and integrity 

of the bushing. It is desirable to create a continual bushing, without petals. A broken 

bushing is undesirable. The figure 3 shows the created joint in two positions. 

 

 

 

Figure 3. Flowdrill sample 

The figure4 and 5 show metallographic cross-section through joint created by 

flowdrill technique and flowdrill and adhesive bonding hybrid joint. 

 

 

Figure 4. Flowdrill cross-section 

 

Figure 5. Flowdrill + adhesive bonding cross-section 

Metallographic study proved compact bushing without petals. 

Figure 6 and table 4 shows the load-displacement curves for flowdrill and flowdrill 

+ adhesive bonding assemblies. 
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Figure 6. Measured experimental curves 

The hybrid joint has approximately 45% higher Fmax. The more important parameter 

0.3Fmax indicates that the hybrid joint is 60% more loaded. The difference between sFmax 

and s0.3Fmax for flowdrill and flowdrill + adhesive bonding is minimal, but higher for 

hybrid joint, indicating higher absorption of load energy. 

Table 5. Flowdrill parameters 

 flowdrill flowdrill + adhesive bonding 

Fmax [N] 1769±438 2786±233 

sFmax [mm] 0.43±0.10 0.48±0.02 

0.3Fmax [N] 531±131 836±70 

s0.3Fmax [mm] 0.53±0.11 0.57±0.06 

 

4. Conclusions 

From the point of view of energy absorption under load, it is advantageous that the 

above-mentioned characteristics (Fmax, 0.3Fmax) are as high as possible. The values of 

the displacement sFmax and s0.3Fmax are particularly important. The higher these values, 

the more energy the joint absorbs before failure, which is positive in terms of crash safety.  

The experimental results obtained in this article can be summarized as follows: 

• Aluminum alloy 6082-T6 is possible to join together by creation a joint using 

flowdrill technology. 

• At the selected experimental parameters, the bush shape is continual, without 

cracks, defects. 

• The hybrid joint, made by flowdrill and adhesive bonding proved higher load-

bearing capacity compared to simple flowdrill joint. 
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Abstract 

The Finite Element Analysis of a Shape Memory Alloy is performed using COMSOL-Multiphysics 

5.4. Three different studies were conducted; for the first study, a parametric sweep function in Comsol 

was run for two temperatures (328K, 348K) which are above the austenite finish temperature – an 

axial load of 920MPa was applied. A second parametric sweep was performed on axial displacement 

while the temperature remained constant at 320K for an axial strain of 0.068. Relaxation was initiated 

until the load is only 35%, the load is then ramped up to 85% before a full relaxation to zero.   Finally, 

at a constant temperature below the austenite start temperature (280K), a third parametric sweep is 

conducted. After the first cycle, the temperature in increased by 20K to achieve the reverse 

transformation to austenite. 

Keywords: Austenite, Martensite, Relaxation, Axial Load, Phase Fraction, Multiphysics 

Introduction 

Smart materials are known generally to modify their properties (shape) upon the application of 

external stimuli such as stress, temperature, electric and magnetic fields etc. Shape memory alloys 

have found wide applications in many areas of science and technology including medicine (stents to 

clear blockages in blood vessels, catheters, embolization to manage aneurysm), aviation (trailing edge 

of flaps in aircrafts) [1]. Pseudo-elasticity entails SMA’s ability to exhibit reversible hysteretic stress 

versus strain behaviour to produce large inelastic strains. The development of large strains gives rise to 

it’s useful application in biomedical engineering as stents [2].  Shape Memory Effect is the 

characteristic behaviour exhibited by all shape memory materials. SMAs possess two phases 

controlled by temperature. The two phases are martensite and austenite. At lower temperature, the 

system exhibits two martensitic structures, twinned and deformed (detwinned) and then at higher 

temperatures it is austenite. Four transformation temperatures exist, namely, austenitic start ( sA ), 

austenitic finish ( fA ), martensitic start ( sM ) and the martensitic finish temperature ( fM ). The 

former are called the reverse transformation whereas the latter forward transformation. The governing 

equations were described in details by R. C. Smith and Heintze O. (2005) [3, 4]. The influence of 

latent heat of transformation and thermo-mechanical coupling was evaluated on the performance of an 

SMA and one other study analyzed the effect stretching-bending loadings on a chosen SMA as it 

affects the themomechanical behaviour [5, 6]. An experiment on micro-actuation via joule heating was 
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performed using silicon bimorph of of two coupled SMA materials to highlight the challenges of 

actuator performance [7]. Indirect heating can be achieved by infusing electrical conductive elements 

into the system and by joule heating, raise the temperature [8]. To successfully determine important 

SMA parameters, [8] try to match experimental results with a dual technique of density optimization, 

and fixed parameters and a second method actually totally incorporates these parameters into the said 

density relation.  

 

SMAs Governing Equations 

Although the computational efficiency of empirical models tend to be markedly higher compared to 

physical models; it requires more complexity to be able to account for inherent hysteretic behaviour. 

Also the rate dependence on phase fractions )]10(;,,[ 
−+

xxxxx MMA is not readily captured.  

Each of the phase fractions ),,( −+= Ax   dynamics and evolution is governed by the rate laws 

given below:  
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where 
p are transition probabilities; such that

Ap−
, for instance, will represent a transition from the 

phases +M  to .A  This has a direct relation with the Gibbs free energy and Helmoltz energy; two 

which play a key role in determining the minimum energies required to overcome the barrier 

responsible for change of phase at the atomic level; the main reason for two values for Young’s 

Modulus. The non-linear stress-strain relationship is thus given by the following relation describing 

the total stress: 
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This can also be expressed in terms of the total recoverable strain, T , as 
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Plate 1: Uniaxial SMA Phase Transformation 

(John H. C. et. al. 2012) 
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where )(t is the stress in the SMA specimen, )(t  is its strain, AE  and ME are the values the 

Young’s Modulus or the austenite and martensite phases respectively.  

Finally, the thermodynamic behaviour of the system is described by the relation  

)()()()()(][ 0 tjtxhhtxhhTTATc MAMMAMsp +−−−−−−= −

•

−

•

++

•

     (5) 

where  is the density of the SMA wire, pc is the heat capacity,  is the convective heat transfer 

coefficient, 0T  is the ambient air temperature, sA is the area-volume ratio of the SMA specimen, the 

terms AM hh −  are called the latent heat of the transformations and j(t) is the joule heating 

Execution in COMSOL MULTIPHYSICS 

A system of ordinary differential equation (ODEs) is employed in COMSOL to solve the set of 

equations when the elements of the governing matrices are correctly specified. This is readily available 

in COMSOL’s partial differential equations (PDE). The general form is given as  
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where ae is considered the mass matrix, ad is the damping matrix,  is the flux matrix while f is the 

source term. The model from COMSOL (6) is used to solve for both phase fractions (1) and (2) and 

the constitutive relation (3) and (4). The different terms in terms in (6) are input with the coefficient of 

their matrices to give the following: 

0=ae ; 





















−−

=

−+ pSMAAMAM

a

Chhhh

d

0

0100

0010

0000

; 



















=

0

0

0

)(x

, and  

 























+−−

−−+−

−−+−

= −

−+

−

−

+

−+

+

+

))]())([(

),()1(),(

),()1(),(

0

0 tjTtT
v

A

TpxxTpx

TpxxTpx

F

SMA

SMA

AA

AA







 



81 
 

The state variables in (7) is given as  
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Boundary Conditions 

Two different boundary conditions are incorporated into the system;  

the Dirichlet boundary condition; controls displacement in isothermal condition 

 (at x = 0); urtubhur ===+= 11 0),0(:0  and      (7)  

the Neumann boundary condition; controls the Force at the free end under adiabatic condition  

(at x = L); )()(),()(: 11 tFgtFtLLAgn ===−       (8) 

No restriction exists on all values of phase fractions at both ends so that for x , it is implemented as 

0=r  

Lagoudas SMA Model is employed to analyse the material. Material property was obtained from 

literature as EA = 56.76 GPa, EM = 46.38 GPa, Poisson ratio = 0.33, Cp = 500 J/(kg.K) and the 

density is given as 6500 kg/m3, Clausius-Clapeyron coefficient (slope of the limit curves for Austenite 

and martensie) is given as 7.4 MPa/Kand the maximum transformation strain, T  = 0.063 and  

Ms =317.8K, Mf = 300.9K, As = 330K and Af = 345K [11, 12]. 

Results and Discussion 

The result is obtained from Comsol Post-processing. The plots of stress, strain, volume 

fraction and time in the relevant direction are briefly highlighted. 

 

Fig 2: Axial Strain vs. Axial Stress                                                                 

 

Fig. 3: Martensitic Volume Fraction Vs Auxiliary Range
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Fig. 2 shows the stress-strain relation of the SMA for 4 chosen temperatures (448K, 428K, 415K and 

400K). During loading, the behaviour remained linear up until about 380MPa, then the austenite-

martensite transformation sets in.  

 

Fig 4: 2-D Surface Plot of Parametric Sweep at 400K  

The relaxation behaviour is also seen to happen at a lower stress as the unloading progresses. The axial 

stress-strain curve for a prescribed temperature of 340 K (between the austenite start and finish 

temperatures) depicts that the forward and reverse transformations occur at lower levels of stress. It is 

also seen that, the reverse transformation is incomplete at the time when the load is totally 

discontinued. This can be seen in Fig 5 where the forward transformation occurs sooner, that is, at 

lower stress level. The initial phase is austenite; martensitic volume fraction is 0 and then it transforms 

to martensite where this value is equal to 1. The backward transformation starts later, and it is not 

complete at the end of the sweep as can be seen from the plot. 

Conclusion 

Finite Element Simulation of tests apart from the one-directional uniaxial tensile test has proven to 

provide more detailed information on shape memory behaviour and superelasticity considering various 

conditions which is vital for various applications in science and technology. However, results have 

shown that FEA is a powerful tool that can be used to examine and create a abetter in-depth 

understanding of the behaviour of SMAs under different loading, unloading mechanical and thermal 

conditions. 
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Abstract: The paper deals with methodological and organizational measures for assessing the im-

pact of electromagnetic fields generated by mobile operator base stations on humans. It offers the 

classification of the most common sources of electromagnetic fields in the living, working and living 

environment. Attention is also paid to the effect of the electromagnetic field on the human body. It 

describes the performed experiment, which was focused on a detailed analysis of the state in the 

field of electromagnetic fields in a specific locality. In the experiment, measurements of the intensity 

of electromagnetic fields in the interior and exterior were made. The result of the measurements is 

also cumulative values, which give us a closer indication of the differences between the internal and 

external measurements. This experiment forms the basis for the developed methodology for the 

assessment of electromagnetic fields in the environment, which aims to increase the efficiency of the 

assessment process. 

Keywords: electromagnetic fields, base station, measurement in practice. 

 

1. Introduction 

In today's modern society, radio communications and wireless technologies are an 

integral part of everyday life. Simple communication, such as a mobile phone call, relies 

on radio and wireless technology. The accompanying phenomenon of all radio communi-

cation systems is the electromagnetic fields (EMF) in the radio frequency part of the elec-

tromagnetic spectrum, which have a negative effect on the environment. In recent years, 

wireless technology has advanced significantly, especially in the area of data transmis-

sion, which is becoming dominant. High-speed 3G and 4G data have changed the availa-

bility of mobile phones and wireless services. With the advent of 5G, the 5th generation 

of mobile networks, public interest in the use of mobile services has increased. These low 

energy radio devices transmit and receive signals from a network of fixed low energy base 

stations. Each base station provides coverage for a given area. Depending on the number 

of calls handled and the amount of data transmitted, base stations can range from several 

hundred meters in large cities to several kilometers in rural areas. 

Exposure to electromagnetic fields generated by mobile operator base stations is sub-

ject to current legislation. From the point of view of the safety of the population, mobile 

operators must ensure hygienic measurements in the event of any change in technology 

at base stations. However, it is important to analyze the impact of these changes on the 

electromagnetic fields to which the population is exposed. 

2. Sources and effects of electromagnetic fields 

Nowadays exposure to electric and magnetic fields is an integral part of daily human 

functioning. Their operation is based on many sources used, including electrical equip-

ment, broadcast transmissions and communication equipment. Most sources of electro-

magnetic fields present in homes or work environments generate extremely low levels of 
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exposure and it is unlikely that the most common activities would lead to exposures that 

exceed the action and exposure limit values set by current legislation. 

In terms of protecting the health of citizens and employees from the effects of EMF 

in the work and environment, the sources of electromagnetic fields are divided into: 

• static electric and magnetic fields with a frequency lower than 1Hz, 

• electric and magnetic fields with very low frequency from 1Hz to 60Hz, 

• low frequency EMF with frequency from 60 Hz to 10kHz, 

• high frequency EMF with frequency from 10kHz to 300GHz. 

Electromagnetic fields can be divided into natural and artificial. The natural sources 

of the electromagnetic field include the Earth's geomagnetic field, but also cosmic radia-

tion. In addition to the natural sources of the electromagnetic field, mankind has created 

a number of artificial sources, e.g., X-rays, mobile applications, radio and television broad-

casting, data transmission, radar technology and many other applications. Various types 

of high-frequency radio waves are used to transmit information - whether via television 

antennas, radio stations or mobile phone base stations. [1] [2] 

According to current knowledge, the interaction of EMF with the human body pro-

duces thermal and non-thermal effects. Thermal effects cause tissues to warm at high field 

densities. Non-thermal effects change the electrical properties of the cells and affect the 

colloidal composition of the cell contents. With long-term action, the effects can be mani-

fested in impaired memory, headaches, exhaustion, and weakness, as well as fatigue and 

sleep disorders. Energy absorption is related to thermal effects. This absorption can cause 

an increase in temperature in certain areas of the body. The increase in temperature cannot 

be detected until six minutes after exposure. The most commonly reported heat effects are 

damage to the inner ear, clouding of the lens of the eye, and corneal damage. [1] [2] 

3. Analysis of approaches in the assessment of EMF generated by base stations of mo-

bile operators   

The study by Martin et al. describes the impact of EMP on the health problems of the 

inhabitants of selected cities in France. The measurements used in the study were per-

formed in living spaces with a maximum distance of 250 m from the base stations. Based 

on these measurements and completed questionnaires, they assessed that the study con-

tributes to a body of evidence that does not suggest any adverse effect of RFM exposure 

from mobile operator base stations on the development of selfreported non-specific or 

insomnia-like symptoms in the general population. [3] 

Authors Mladen Koprivica et al. in their publication Statistical analysis of electro-

magnetic radiation measurements near a GSM / UMTS base station installed on buildings 

in Serbia performed measurements whose results showed that the maximum recorded 

exposure to electromagnetic field exceeded reference levels exposure of the International 

Commission on Non-Ionizing Radiation Protection to 2.5% of cities and Serbian national 

reference levels to 15.6% of cities. It should be emphasized that values exceeding the ref-

erence levels were observed only in the outdoor environment, while in the indoor envi-

ronment the total intensity of the electromagnetic field did not exceed the defined refer-

ence levels. [4] 

4. EMF exposure measurement in the selected location  

We performed an experiment to assess changes in the intensity of electromagnetic 

fields generated by base stations of mobile operators in a selected location. We selected 

this area due to a change in the base station location. To assess the effect of electromagnetic 

fields, they performed measurements in the interior of the office building where the new 

MBTS mobile base station was located, and measurements in the exterior around it. As 

there were changes in the location of the base station in the area, we wanted to analyze 

what effect this change will have on the differences in EMF intensity around the building, 

but also in its interior. The measurements were performed in two modes of operation, 
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namely the operation of the base station designated V5, which is at a distance of 120 m 

from the building, and subsequently after its exchange for the mobile base station MBTS. 

The mobile base station is located in close proximity to the administrative building. Figure 

1 shows the location of the measuring points in the administrative building, the measuring 

points in the exterior and the MBTS. 

 
Figure 1. Location of measuring points in outdoor and indoor environment 

Five measuring points marked M11 - M15 were selected in the two-storey adminis-

trative building. The M11 measuring point is located on the ground floor, oriented to-

wards the MBTS and with a direct view of the MBTS through the window opening. Meas-

uring points M12 - M15 were chosen on the second floor in the four corners of the building. 

In the exterior, four measurements of the location around the building were selected. 

 We performed measurements using a measuring instrument Narda SRM - 3006, 

which consists of a spectrum analyzer and a probe for measuring the electrical component 

of the field. We had the measuring device placed on a tripod at a height of 1.5 m above 

ground level. The measurement time is set at 6 minutes. The resulting graphs show the 

frequency spectrum over the entire duration of the measurement. The measuring chain is 

able to operate in the frequency band from 420 MHz to 6 GHz. During the measurement, 

the dynamic measurement range of 10 V/m, RBW - 5MHz, the minimum display fre-

quency Fmin - 700 MHz and the maximum display frequency Fmax - 3.5 MHz were set on 

the device. 

4.1. Experiment evaluation 

When evaluating the measured data obtained by the experiment, we performed an 

analysis of the frequency spectrum, analysis of the output data and evaluation of the re-

sults of the experiment. Data from individual measurements are arranged according to 

significance. The measurement output is also frequency spectrum graphs and cumulative 

EMP intensity values for all measuring points. 

When processing the results, we set the interface of individual graphs to the fre-

quency range Fmin 750 MHz and Fmax 3400 MHz. On the graph we can see significant peak 

values - peaks, which occur during the activity at a certain frequency according to the 

intensity of EMP. The resulting tables list the 10 most important peaks with the highest 

radiation intensity for a particular base station.  

The M12 measuring point is located in the administrative building on the second 

floor and is oriented towards the V5 and MBTS. In the exterior, compared to the M12, we 

have a measuring point M4. In figure 2 is a view of the measuring point M12 in the build-

ing. 

M 

M 

M 

M 
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Figure 2. View of measuring point M12 

The evaluation was performed at each measuring point. Table 1 shows selected re-

sults from the M12 indoor and outdoor M4 measurement sites that were located in the 

immediate vicinity of the MBTS base station.  

Table 1. Results of measurements at measuring point M12 interior (orange) and M4 exterior 

(green) 

In
d

e
x 

ZS V5 MBTS ZS V5 MBTS 

Frequency 

[MHz] 

Act 

[mV/m] 

Frequency 

[MHz] 

Act 

[mV/m] 

Frequency 

[MHz] 

Act 

[mV/m] 

Frequency 

[MHz]  

Act 

[mV/m] 

1 934 259 935 114,7 938 340,3 954 576 

2 2639 220,5 1866 95,25 2119 321,4 1867 339,6 

3 952 75,66 956 92,41 1861 283,9 798 320,4 

4 2109 61,34 951 87,4 955 270,3 2137 184,4 

5 2624 56 799 78,18 2639 141,9 2133 166,4 

6 2117 49,37 796 62,56 1839 126,1 937 162,8 

7 799 47,6 814 59,14 799 111,3 2646 135,3 

8 789 34,74 1822 37,3 789 100,7 808 108,4 

9 1804 27,1 2113 26,2 1804 77,87 1839 103 

10 814 21,17 708 26,02 2135 61,05 1809 100,2 

The following changes occurred during measurements in the interior and exterior 

and when the location of the base station was changed (see Table 1):  

• Frequency 2100 Hz - during operation of remote ZS V5 the intensity value is 

61.34 mV/m in the interior and the intensity value is 321.4 mV/m in the exterior 

(marked in yellow) 

• Frequency 2100 Hz - in MBTS operation the intensity value is 26.2 mV/m indoors 

and the intensity value 166.4 mV/m outdoors 

Figures 3 and 4 show the frequency spectrum of the EMF at measuring points M12 

and M4 during the operation of the base station V5. Figures 5 and 6 show the frequency 

spectrum at the same measuring points, but with the functionality of the MBTS source. In 

both cases, we can clearly see that the intensity of the electromagnetic field is significantly 

lower in the interior than in the exterior. The reason for these differences is the building 

structures and the good damping effects of the materials. 
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Figure 3. Frequency spectrum in M12 - V5 source switched on 

 
Figure 4. Frequency spectrum in M4 - V5 source switched on 

 
Figure 5. Frequency spectrum in M12 - MBTS source 

 
Figure 6. Frequency spectrum in M4 - MBTS source 

From the evaluation of the measurement results, the changes in the intensity of the 

electromagnetic field for individual measuring points are evident when the location of the 

base station and the location of the measuring points change. These changes in all meas-

uring points can be seen even with cumulative values. Table 2 shows the cumulative val-

ues for the individual measuring points in the different operating modes and their loca-

tions. 
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Table 2. Cumulative values of measuring points indoors and adjacent outdoors 

Measuring point M11 M12 M13 M14 M15 M4 M1 M2 M8 

ZS V5 [mV/m] 326,1 321,0 357,9 150,1 256,6 632,0 778,0 252,3 486,0 

MBTS [mV/m] 294,8 300,6 200,4 211,4 336,8 1043 756,6 397,5 270,2 

The legend: 

 - measuring points in the interior         -  measuring points in the exterior 

The cumulative values from the individual measuring points in the interior point to 

the differences that occurred when changing the location of the base station, which, how-

ever, are not significant at the individual measuring points. Table 2 shows, for compari-

son, the cumulative values of the electromagnetic field strength from measuring points 

M11-M15, which were located indoors, and the cumulative values of measuring points 

located outdoors near the building. Based on these values, we can conclude that the meas-

urements performed indoors achieve significantly lower values of EMF intensity than out-

doors, all values are well below the EMF action values set in the applicable legislation.  

5. Conclusion 

In the last few decades, the intensity of the electromagnetic field in the environment 

has increased more than a million times. This makes it clear that the sources of electro-

magnetic fields and their effects on humans must be addressed. The impact of EMF on the 

health of the population and, in particular, the relation of action values to clearly identi-

fied health disorders are not yet clearly demonstrated across the whole range of studies 

carried out on a global scale. In the contribution we described an experiment in which we 

carried out measurements of EMP intensity in the interior and exterior. Based on the cu-

mulative values from the individual measurement points, it can be concluded that the 

measurements carried out in the interior achieve significantly lower EMF intensities than 

in the exterior, all values far below the EMF action values laid down in the legislation in 

force. This experiment is the starting point of a more extensive research, which the authors 

focus on, and which aims to objectively assess the impact of technical interventions in the 

construction of base stations on changes in the electromagnetic field around the base sta-

tion. 
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Abstract: The history of automotive manufacturing has brought and is currently bringing many 

innovations and improvements in all spheres of the automotive industry. Stricter emission stand-

ards and increased driving comfort lead to optimizations and changes in all parts of the car. The 

desired results are achieved by reducing the overall weight of the automobile, reducing aerody-

namic drag, increasing power while maintaining engine capacity, and many other modifications to 

all vehicle components. Some adjustments, e.g., reduction of aerodynamic noise, led to overall noise 

reduction of the vehicle in the interior, while other sounds disrupting driving comfort came to the 

fore. 

One of the important parts of the car that ensures a quieter and more comfortable ride is a 

two-mass flywheel called DMF. Developments and changes in the design of the dual-mass flywheel 

have led to a reduction in torsional vibrations and vibrations that are transmitted from the engine 

to the input shaft of the transmission. By researching and obtaining parameters of the dynamic 

properties, torsional stiffness and damping of the oscillations emanating from the engine, it is pos-

sible to further innovate the functional elements of the dual-mass flywheel and thus improve the 

ride comfort of passengers. 

To determine the properties and required parameters, a device for measuring properties by 

simulating torsional oscillations is used in laboratory conditions. 

Keywords: load characteristics; dual mass flywheel; simulation of torsional oscillations   

 

1. Introduction 

  The rise of the road transport and emission standards tightening are forcing manu-

facturers and designers of internal combustion engines to adjust the design and compo-

nents of the engine to reach the required targets. These adjustments include, for example: 

downsizing, downspeeding, cylinder deactivation. In the future, high-performance, 

highly boosted units with a smaller number of cylinders will emerge, which will introduce 

even greater torsional vibrations into the drivetrain compared to today's engines. As a 

result, reducing torsional vibrations is becoming a crucial task for developers and design-

ers. Most damping systems, currently available, reach their limits, especially given the 

tightening requirements for the elimination of torsional units in the future. Figure 1 shows 

a comparison of vibrations between traditional internal combustion engines with a con-

ventional clutch and newly developed low-emission internal combustion engines with 

DMF [1,2]. 
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Figure 1. Comparison of SMF and DMF [3]. 

The aim of the article is to point out the importance of testing DMF and developing 

new types of DMF that will meet the requirements of current and future combustion en-

gines. 

DMF construction development trends 

  The primary property of DMF is almost complete isolation of torsional vibrations. 

Figure 4. shows the values of torsional vibrations at idle. In SMF, unfiltered vibrations are 

transmitted to the transmission, which causes the edges of the gear teeth to collide. The 

dual mass flywheel serves as a damper that filters out the torsional vibrations caused by 

the engine. This prevents wear of the components in the gearbox and reduces excessive 

noise. [4] 

 

Figure 2 Torsional vibration difference with SMF and DMF [4]. 

1.1 Coil springs DMF 

The design beginnings of the two-mass flywheels consisted of a structure with 

a pair of coil springs. As internal combustion engines evolve and DMF requirements 

increase, it is necessary to improve and design new DMF types. The current leaders 

in the DMF market are Valeo, LuK, ZF and SACHS. The Valeo DMF (Fig. 6) resonant 

region falls below the engine idle speed. As a result, there is no increased gear noise 

in the normal vehicle speed range. This increases the comfort of the vehicle's passen-

gers. [5] 
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Figure 3 DMF valeo construction [5] 

 

The primary flywheel is bolted directly to the crankshaft and includes damping 

springs. The secondary flywheel is equipped with a classic clutch cover and a fixed 

disc with lower inertia, which improves the gear shifting. Between the flywheels are 

two long curved springs that absorb the vibrations of the engine. The main ad-

vantage is the greater angular damping, up to 60 °, which allows the filtration of 

torsional vibrations. If a spring with the same stiffness is replaced by two springs 

with different stiffness, a change in the load characteristic is achieved, what improves 

the ability of the engine to start. Figure 7 shows the load characteristics of DMF with 

one-stage curved spring (on the left) and two-stage curved spring (on the right) [5].

 

Figure 4. Load characteristics with one and two springs. 

 

The German company ZF is the most innovative in products such as SMF and 

DMF. ZF produces about 60 different types of DMF (Figure 8) for different car mod-

els [3]. 

 

Figure 5. ZF DMF [3]. 
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All ZF DMFs have multistage torsional characteristics. This is achieved by com-

bining different amount of compression springs with different stiffnesses. The soft 

starting stage ensures excellent engine starting and starting behaviour. The following 

harder stages provide effective separation of torsional vibrations and sufficient pro-

tection against overload at normal driving speeds. Figure 9 compares torsional stiff-

nesses between DMF with two spring stiffnesses (blue curve) and three spring stiff-

nesses (red curve) [3]. 

 

Figure 6. Comparison of DMF with two and three springs of different stiffness [3]. 

 

1.2 DMF with flat spiral spring 

An alternative solution is usage of DMF which damping system composes of coil 

springs, that replace the classic arcuate coil springs (Figure 10). The device can be used for 

both manual transmissions and hybrid automatic transmissions. Its characteristic feature 

is the elastic behaviour, that is defined almost exclusively by the stiffness of the coil 

springs, while being marginally influenced by the torque and the rotational speed. In ad-

dition, the system does not require any lubrication, so no sealing is required [6]. 

 

Figure 7. Flat spiral spring DMF [6]. 

Real condition tests were performed with DMF design where the arc spring was re-

moved and a coil spring was designed and tested using a torsional stiffness tester, fem 

analysis. Upon completion of the tests, it was found, that the use of such coil springs is 

not suitable for DFM due to its short life. Under real conditions, the maximum DMF ser-

vice life was 25,000 km. The load characteristic results are shown in Figure 11 [6]. 
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Figure 8. Flat spiral spring DMF load characteristics [6]. 

 

2. DMF property identification device 

It is clear from the above examples that the load characteristics are among the most 

important properties to be identified in DMF. From detected load characteristic, we can 

determine the torsional stiffness of the tested flywheel. The design and construction of 

new torsional vibration damping devices requires suitable laboratory conditions for their 

testing and for obtaining detailed information in the form of data that can be analysed. 

The staff of the Technical University of Košice has built a device with kinematic excitation 

of torsional oscillations (Figure 12, 13) for testing and identification of the properties of 

flexible couplings. The aim of the device is to test DMF and develop a two-mass flywheel 

where the elastic member will not be compression springs but gaseous medium [7]. 

 

Figure 9. DMF property identification device. 

The test equipment allows the simulation of different operating modes, which are 

characterized by different load frequencies, amplitudes, and biases. The main part of the 

test equipment, which allows to simulate operating conditions, is a transducer that 

changes the rotational movement to oscillating - in this case, it is a four-joint mechanism 

[7]. 

 

Figure 10. DMF property identification device. 
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The device is designed for measurement with a free load on the output. In this 

method, it is necessary to measure the dependence of the excitation frequency ω and the 

excitation amplitude of the coupling rotation ϕA. ϕmax is determined from the measured 

values. ϕmax is obtained when the system resonates, which is clear from the theoretical 

analyses and practical measurements. Since the amplitude of the mass rotation at the in-

put side with the given mass moment is determined by the geometry of the four-joint 

drive mechanism and is therefore known, then the damping coefficient b of the coupling 

is calculated after determining the moment of inertia at output IZ and oscillation fre-

quency at output ω2 according to formula (1) which is suitable for couplings with linear 

and nonlinear characteristics [7]. 

: 𝒃 =
𝝋𝑨

𝝋𝒎𝒂𝒙
. 𝑰𝒁. 𝝎𝟐             (1) 

3. Conclusions 

The constant pressure to reduce emissions and the associated resulting vibrations 

and torsional vibrations is a problem for today's automotive designers. The development 

and design of new, often unconventional, design solutions bring opportunities that move 

the research of more than just two-mass flywheels forward. For this reason, it is necessary 

to determine the characteristics of current equipment and to design innovations or new 

equipment whose parameters will meet current and future requirements. Given the pos-

sibilities of testing DFM parameters, the vision is to design DFM structures in the future 

with subsequent identification of their properties and determination of the most suitable 

DMF structure.  
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9 Abstract: Magnesium alloys are very attractive as biodegradable implant materials. This work deals 

10 with the preparation of a methodology for the production of magnesium powder with the aim of 

11 an amorphous structure for additive production. The powder is prepared on the basis of magne- 

12 sium, calcium and zinc with the possible addition of yttrium to increase mechanical properties. The 

13 powder production itself consists of a suitable ratio of elements, chamber pressures and melting 

14 temperature. Based on the obtained data, it has not yet been possible to determine a suitable com- 

15 bination of individual parts in order to achieve a positive result. Achieving the required results is 

16 also hampered by the lack of professional literature in the field. The work explains the methodology 

17 of magnesium powder preparation. 
 

18 Keywords: magnesium alloys, biodegradation, additive manufacturing 

19 

 
20 1. Introduction 

21 Magnesium (Mg) as a metal with low weight, mechanical properties similar to bone 

22 tissue, importance in biological processes of the human body and degradation in the liv- 

23 ing organism is suitable for the production of biocompatible, biodegradable and osteocon- 

24 ductive implants in orthopedic or cardiovascular applications. In contrast to the titanium 

25 alloys used so far, the application of magnesium alloys is much more suitable. 
 

26 2. Usage of magnesium 
 

27 Biodegradable implants are the focus of the industry and have faced increasing interest in 

28 recent years. The main reason for the development of biodegradable implants is precisely 

29 their degradability in the physiological environment (the words "degradability" and "cor- 

30 rosion" have similar meanings but are used in the context of in vivo or in vitro). The ad- 

31 vantage provided by this class of material is that the clinical function of the permanent 

32 implant is achievable and if successfully completed, the implant will disintegrate if it is 

33 no longer needed. Another of the main advantages of biodegradable implants is the elim- 

34 ination of the subsequent operation to remove the implant after sufficient tissue healing 

35 as with permanent implants. Thus, it means reducing or eliminating lifelong problems 

36 caused by permanent implants such as prolonged endothelial dysfunction, permanent 

37 physical irritation, and chronic local inflammatory reactions. Nevertheless, polymeric ma- 

38 terials have a dominant position in current medical applications, but magnesium, iron and 

39 zinc based alloys have been introduced as more advantageous biodegradable materials 

40 for load-bearing and loaded implants due to their first-class combination of strength and 

41 toughness over polymers. [1] 
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42 

 

43 3. Methodology of powder preparation 

44 The surface energy of magnesium powder is high due to the small particle size. As a 

45 result, Mg powder oxidizes easily and is difficult to deposit in layers. Therefore, alloying 

46 is usually used to reduce the sensitivity to oxidation. Some common non-toxic alloying 

47 elements include calcium, zinc and manganese. These elements affect the obtained grain 

48 structure, strength and heat resistance of magnesium. [2] 

49 The prepared alloys contain magnesium, calcium and zinc. Yttrium 2%, 4%, 6% was 

50 gradually added at the expense of magnesium to increase the mechanical properties. 

51 At present, the amorphous structure of the alloy Mg66Zn30Ca4, Mg64Zn30Ca4Y2, 

52 Mg62Zn30Ca4Y4, Mg60Zn30Ca4Y6 is being prepared at the Institute of Materials Research of 

53 the Slovak Academy of Sciences. 

54 First, the proportions of the elements to the weight of 5g are weighed. Initially, only 

55 Mg66Zn30Ca4 was used but the samples were very fragile. Therefore, yttrium was added 

56 to increase the mechanical properties. The firing process was also modified, because be- 

57 fore that only the melting point of all the elements present was reached and fired, but now 

58 it remains at a temperature of about 12-15 min. Initially, the elements are weighed, pressed 

59 and placed in a graphite tube. It is operated at the Melt Spinner SC plant (Edmund Bühler 

60 GmbH, Germany) where a high vacuum is gradually generated by means of an argon 

61 overpressure. 
62 

 

 

 

 

 

 

 

 

 

 

 

 

63 

64 Figure 1. Melt Spinner; left-heating the tube, right-firing the contents of the tube under argon 

65 pressure 
 

66 Initially, a pre-vacuum is created using a rotary pump and a second time it is pulled 

67 with a 5*10-2 millibar high vacuum turbomolecular pump. When the chamber is ready, the 

68 insert is lowered to be in a coil where it is gradually heated up to 600 degrees Celsius to 

69 homogenize the entire contents of the graphite tube (Figure 1). At a temperature of 600 

70 degrees, it is held for about 15 minutes. The insert is then fired under argon pressure as 

71 the tube is lowered. The copper mold into which it is cast is cooled by water. It is cast at a 

72 temperature of 730-740 degrees. 
73 
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74 

75 Figure 2. Cast samples Mg66Zn30Ca4 
 

76 The goal is to create a solid rod with an amorphous structure (Figure 2). Samples 

77 were monitored with a ZEISS METROTOM 1500 non-destructive industrial tomograph 

78 (Carl Zeiss, Germany) (Figure 3). The Carl Zeiss meter enables non-destructive non-con- 

79 tact measurement of components in their entire volume by applying X-rays. Using com- 

80 puted tomography (CT), we get a comprehensive view of the part from any side and in 

81 any section. The point cloud representing the volume of the part is obtained from the 

82 number of X-rays taken to measure the part as it rotates about the vertical axis. In the 

83 process of generating a point cloud, the images are analyzed and in the resolution given 

84 by the high accuracy of the system, each point is assigned exact coordinates in space and 

85 its intensity, which corresponds to the density of the part material. [3] 
86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

87 

88 Figure 3. CT scan (Mg66Zn30Ca4); green color is defects smaller than 1mm3, pink color - defects 

89 larger than 1mm3 

 

90 From figure 3, it is possible to state a high presence of defects along the entire length 

91 of the cast bar. Mechanical testing on such samples would not be relevant as the result 

92 would be affected by input defects. The samples that were formed had a high porosity, so 

93 exhausts were made in the copper mold so that the bubbles could be released during the 

94 casting process. 
95 
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96 

97 Figure 4. CT scan (Mg66Zn30Ca4) after casting with exhausts with lower porosity 
 

98 For 5 mm diameter the porosity is 7.63%, for 3 mm 0.345%, the porosity of the sample 

99 was reduced (Figure 4). 
 

100 4. Further testing 

101 The produced samples will then be subjected to several tests. Among the first will be 

102 a mechanical pressure test. The samples for the pressure test will be adjusted to a size ratio 

103 of 1: 2, with a diameter of 3mm and a length of 6mm. The pressure test will take place on 

104 a Tiratest 2300 (Tira GmbH, Germany), which will monitor the maximum rupture force, 

105 of which the ultimate strength and the assumed yield strength. The goal is to get the 

106 strength limit Rm higher than 550 MPa, because according to Wang and the team (Figure 

107 5), they reached strength strengths of up to 600 MPa with similar alloys. [4.5] 
108  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
109  

110 Figure 5. Deformation stress curves between alloy bars (a) Mg68Zn28Ca4Y1, (b) Mg68Zn27Ca4Y1 

111 and (c) Mg68Zn25Ca4Y3 with a diameter of 1.5 mm when compressed at room temperature. [4] 
 

112 At the same time, the samples will be subjected to biodegradation. Half of the tested 

113 samples will be surface treated with chitosan, which should slow down the degradation. 

114 The other half will be uncoated, all samples will be soaked in Hank's solution (Hank's 

115 solution is an example of an artificial solution that is standardly used for corrosion testing 

116 in laboratory conditions) for 45 days, when weighed every 15 days, taken by industrial 
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117  tomograph so that the course of degradation is clear and at the same time the pH is equal- 
118  ized to 7.4 before re-immersion. The samples in the tubes will be at a stable temperature 
119  of 36 ° C to simulate body temperature and will be placed on a shaker that will simulate 
120  the movement of body fluids. [6] 

121 
 

5. Conclusions 

122  Magnesium as a newly discovered material for implantation provides a very promising 
123  future in the field of regenerative medicine. However, the complexity of its processing 
124  slows down the development in additive production. This article deals with the prepara- 
125  tion of magnesium alloys, with a view to the future possibility of implantation, so that 
126  they are suitable for processing by additive technology. 
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Abstract: The digitization of industry has become a global trend of the 21st century. The Covid-19 

pandemic has significantly accelerated the implementation of Industry 4.0 in practice, mainly due 

to benefits in various areas. The aim of this study is to characterize the attitude of small and me-

dium-sized enterprises (SMEs) in Europe towards digital transformation (DT) and to find common 

or different views in their perceptions. To this end, this article aims to define the consequences and 

the very attitude of companies to the impact of a pandemic on their DT. Finally, this article focuses 

on the reflection of the two global trends that prevail in 2021, namely the pandemic from a social 

point of view and digitization from a technological point of view. This study analyzes the literature 

and the European DigitaliseSME survey, which was developed as a case study. The article also deals 

with methods of comparison and summarization. 

Keywords: digitalization, digital transformation, SMEs, COVID-19, analysis 

 

1. Introduction 

According to [1], digitization became the dominant technological trend in 2021. The 

current pandemic situation has rapidly accelerated the digitization of public sectors (au-

thorities, government), private companies and especially people's lives [2]. The Covid-19 

pandemic has significantly widened technological development and management gaps, 

affected customer behavior, exposed knowledge gaps and, finally, reduced the funding 

needed for future development [3]. According to [4], the timeliness of digitization has re-

inforced the need for smart strategic solutions that allow SMEs to respond flexibly to in-

dividual changes. Unforeseen situations such as the Covid-19 pandemic and an environ-

ment that is changing dynamically call for the definition of new forms of competitive ad-

vantage for SMEs. Unfortunately, factors that guarantee business success, such as perfor-

mance, production volume, high or low quality, price, and time, are no longer enough. 

Through the transformation of processes that digitalization guarantees, modern busi-

nesses are investing and reaping various benefits. The use, construction, development, 

stabilization and implementation of communication and information technologies have a 

positive impact on business management and support for the sustainability of business 

development in all areas (economic, social, environmental) [4]. Digitization in Industry 

4.0 is a complex process of change caused by the intensive use of communication and 

information technologies. Digitization serves as a tool to streamline business activity 

through process and business transformations based on modern technology and innova-

tion [5]. 

We rank the data, innovations, needs and expectations of customers among the driv-

ing forces of digitization. The corporate governance strategy, which aims to support dig-

ital development, is an accelerator of successful and sustainable business [5]. Strategies 

that lead to digitization are a way to achieve the goals set in the Industry 4.0 concept, 
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which guarantees the satisfaction not only of current requirements and preferences of cus-

tomers but also of future ones. For individual strategies (marketing, financial, HR, digital, 

research, etc.) to work effectively, it is necessary to harmonize them uniformly and collec-

tively. The four-year needs model, consisting of the steps of creating awareness, imple-

menting the strategy, continuously improving processes, and finally adapting to practice, 

meets the needs of SMEs [6]. 

The main threat of digitization is the lack of support for digital projects due to limited 

funding during a pandemic situation. The aim of this study is to correctly identify differ-

ent and common views on the digitization of European SMEs in the period 2018-2020. we 

also assessed the global state of SMEs in the wake of the Covid-19 pandemic. 

2. Materials and Methods  

The Scopus and Web of Science scientific databases were used to search for profes-

sional resources. Attention was focused on the concept of the digitalization of SMEs. The 

criteria for the selection of literature were: 

• time relevance - articles were to be published between 2018 and 2021, 

• professional relevance - content focus on digitization and digital transfor-

mation of SMEs in the concept of Industry 4.0, which can be considered as 

its synonym. 

The main goal of this study is to identify the approach of SMEs in the field of digiti-

zation and DT and to define different and common elements of the problem. The study 

also aims to define the global level, attitude, and state of the impact of the Covid-19 pan-

demic on the digitization of SMEs. We used the DigitaliseSME survey to analyze the Eu-

ropean Union. This project supports digitization to increase the ability of SMEs to go 

abroad and innovate their processes. It is funded by the European Union and the primary 

goal is also to support DT mid-cap companies in Europe. Digital experts, also known as 

"Digital Enables", have teamed up with companies to help these companies innovate. This 

initiative has simplified and enabled SMEs to work with Digital Enablers in such a way 

that these experts have supported the company abroad, resp. in another European country 

where digitization was needed. For a period of two weeks, the Digital Enabler took an 

interest in running the business, visiting the offices, helping to initiate and set up the pro-

ject to lead to the digitalization of the business. The results of the DigitaliseSME project, 

under the auspices of the European Parliament, provide a basis for developing a wider 

EU-wide agenda [7]. 

The DigitaliseSME survey provides data from 2018 to 2020 across Europe. The survey 

contained three questions that respondents answered. The questions focused on the fea-

sibility of solutions in practice and areas for improvement using DT and satisfaction with 

digitized processes. As with every survey, the DigitaliseSME survey suffers from certain 

shortcomings. The primary limitations of this survey were the smaller sample size, the 

involvement of companies from different sectors and the limited number of issues. How-

ever, despite these limitations, the authors still find the survey sufficiently interesting and 

relevant. In Table 1 below, it is possible to see more detailed objectives of the project 

phases themselves and their timing. 

 

Table 1. Ciele a časové rozpätie jednotlivých fáz projektu DigitaliseSME, Zdroj: [7] 

June – September 2018 September 2018 – February 2019 March 2019 - January 2020 

Design phase Pilot phase Execution phase 
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Aimed at setting criteria and 

requirements for participation in 

the program that corresponds to 

SMEs and digital devices. 

It consists of five months, which 

allowed to test the way of 

connecting companies and Digital 

Enables in the way that is most 

advantageous for both parties. 

Based on the findings from the 

pilot phase, Digital Enablers 

and companies merged on a 

larger basis. 

 

3. Results 

The DigitaliseSME survey appears to be of great benefit to both Digital Enables and 

companies, resulting in helping companies connect with digital professionals across Eu-

rope, which can be a steppingstone to overcome, the so-called digitization gap. Regarding 

the participation of companies in this project, 68 SME managers took part in the Digitalis-

eSME European research activity out of 9 industries. Figure 1 shows the percentage of 

European SMEs by sector. 

 

 
 

Figure 1. SMEs by industry (DigitaliseSME), Source: Own research based on [7] 

SMEs, which focus on traditional sectors such as agriculture and construction, digit-

ize at only 2%. The DigitaliseSME survey revealed large regional disparities between 2018 

and 2020, which have a major impact on the adoption of Industry 4.0 concepts [7]. The 

results of our analysis based on the DigitaliseSME survey, which lists the digital needs of 

SMEs in the EU, are shown in Figure 1. 

 

 
Figure 2. Digital needs identified during the DigitaliseSME survey, Source: Own research based on [7] 
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The analysis of the DigitaliseSME survey found that as many as 97% of respondents 

were satisfied with the new form of process digitization and 55% said that DT had helped 

them implement effective and workable solutions to their problems [7]. In the case of 

smaller companies, the deficit of funds for investing in new digital technologies domi-

nates. If they invest less, they feel great uncertainty about the return on that investment. 

In addition, small businesses lack sufficient awareness of the effective ways to optimize 

the processes that digitization provides [7]. Other research activities, similar to Digitalis-

eSME, will be carried out between 2021 and 2027 with the help of the Digital Europe pro-

gram. 

4. Discussion 

The best way to understand DT is to see real statistics and facts that will help us 

understand how DT makes a business more efficient, how DT helps to connect businesses 

with customers and, of course, how it allows revenue growth [8]. Globally, according to 

data from [8], the average budget set aside for DT in 2018 among 1,200 midsize and large 

U.S. companies was $ 14 million, according to the survey. However, global spending on 

DT in 2022 is expected to reach $ 1.78 trillion [8]. Regular analyzes of the state of digitiza-

tion in major global corporations are performed by companies providing consulting, tax, 

auditing, financial and many other services. These are companies such as IDG Capital, 

McKinsey, Tech Pro Research, Research and Markets, IDC, PwC, Deloitte, Prophet, Har-

ward Business Review, Futurum, Fujitsu, Forrester, Digital Adaption, Adobe, Vision Crit-

ical. 

According to most consulting and research companies, DT is an even more important 

topic after the pandemic. It is expected that companies are likely to invest more in new 

technologies such as IoT, AI and AR / VR in the coming years. DT's comprehensive list of 

statistics and surveys for business leaders and researchers comes from trusted sources at 

these companies. These surveys can help businesses or management better assess and as-

sess digitization needs, take action, and stay ahead of the competition. According to the 

company AI Multiple, which represents the so-called technology industry analysts, the 

digital market in 2025 together with CAGR (compound annual growth rate) will grow by 

23% compared to 2019. In the near future, experts predict that by the end of 2023 there 

will be an increase in adoption in SMEs by 18%. Statistics from 2020, despite the Covid-19 

pandemic, confirm that investment in DT has increased by 10% [8]. According to advisers 

from PwC (Pricewaterhouse-Coopers), because of the pandemic, up to 52% of SMEs plan 

to reduce their investment costs in the future, while only 9% will reduce digitization costs. 

According to a study by IDC (International Data Corporation) and Research and Markets, 

the technologies that will be preferred by 2025 are the Internet of Things and artificial 

intelligence [8]. The results of a survey by the Boston company IDG Capital claim that 89% 

of companies have adapted to the original form of digital strategy. Businesses are con-

stantly striving to improve this digital strategy and adapt it to market conditions. The 

computer company Tech Pro Research claims that 70% of companies have already imple-

mented a digital strategy or are working on its future use and development. Deloitte, full 

name Deloitte Touche Tohmatsu Limited, has found that up to 87% of businesses perceive 

a large impact of digitization on their business. On the other hand, only 44% of respond-

ents said they were ready for DT. According to the Harvard Business Review, only 23% 

of businesses worldwide do not need digitization. DT is the driving force of competitive-

ness, as evidenced by the growth of the DT market by up to 51%. Following the Covid-19 

pandemic, business managers aim to accelerate DT (37%) and promote teleworking (37%) 

[8]. Experts from the American company McKinsey are of the opinion that if the company 

belongs to the group of SMEs with less than 100 employees, it has up to three times better 

chance of being more successful in DT than large companies. However, the reluctance of 

employees to change or they are afraid to give up the stereotypical way of working often 

seems to be a problem [8]. Companies will benefit most from DT by recognizing the chal-

lenges and avoiding the pitfalls of finding the right set of skills, resisting change, sticking 
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to regulations that have the negative effect of slowing down the initiative or having diffi-

culty measuring ROI. McKinsey, Forrester, Adobe and Vision Critical argue that compa-

nies that have a digital director and regularly adopt innovative technologies have a fully 

integrated digital strategy, manage DT twice as efficiently as the competition, and are 

based on experience [8]. According to [9], it is recommended that digitization be perceived 

by companies as a competitive advantage, to involve all their stakeholders in the process, 

not to confuse optimization and transformation of processes and to have a long-term vi-

sion with the main focus on the customer. 

Digitization and digital transformation in companies are no longer debatable today 

because they are becoming a necessity, the so-called industry standard that must be met 

in every sector, not only because of competition but also mainly for the survival of com-

panies in the market [10]. The Covid-19 pandemic disrupted numerous industries and 

forced businesses (regardless of size) to quickly rethink their business, from operations to 

products to services and business models. 

5. Conclusions 

Initially, this study aimed to identify the European level of SME approach to digital-

ization and digital transformation. The analysis of the DigitaliseSME project and later the 

analysis of case studies of foreign companies that have been providing market consulting 

services and monitoring SMEs in the market for many years helped us in this. The primary 

objective of this scientific study was to analyze the DigitaliseSME survey, supported by 

the European Parliament, over a period of three years (2018-2020). We presented the pri-

mary goals of DigitaliseSME, its sample of respondents and the results themselves. After 

analyzing the results of the DigitaliseSME survey at the European level and case studies 

of foreign consulting companies, the following essential elements emerged: 

• medium and large enterprises are at the forefront of digitization, 

• enterprises in Europe prefer digital transformation only to increase profits, 

social or environmental factors are not mentioned in the survey, 

• significant financial deficit for small businesses to digitize, 

• preferred area for technology implementation is internal processes, 

• although awareness of the issue is increasing, it is still not of sufficient qual-

ity and optimal. 

The biggest trend difference reported in the DigitaliseSME survey is the integration 

of new and old technologies. Enterprises in the EU, compared to Slovakia, for example, 

are generally better prepared for change, and Slovakia is unfortunately on the tail of Eu-

ropean SMEs. Experts, enterprises, and the rest of the world see the Covid-19 pandemic 

as the driving force behind the acceleration and growth of digitization. Experts believe 

that it is very important to constantly raise the awareness of employees and managers in 

the field of digitization and to modify thinking at the national level. Even in this case, the 

approach of small and medium-sized enterprises in the field of digital transformation can 

improve even in times of pandemic. 
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Abstract: Current trends in the automotive industry are leading to increased performance and re-

duced pollutants in exhaust gases, while reducing fuel consumption. Related to this is the tremen-

dous development in the control of internal combustion engines using electronic control systems 

in recent years. By removing the mechanical parts of ignition control such as the vacuum- and cen-

trifugal-controlled distributor, ignition timing is refined and by replacing vacuum-controlled car-

burettors with injection in combination with a lambda probe and a three-way catalytic converter, 

manufacturers are now meeting the demands of the customer, but above all the ever-tightening 

emission standards. The control unit is required to have high flexi-mobility and speed to intervene 

in the controlled processes. It has to meet conflicting requirements such as controlling exhaust 

emissions, reducing fuel consumption and providing the required torque at minimum cost for 

sensors and actuators. For this reason, it is necessary to know the operation of the internal com-

bustion engine and the possibilities of its control. [1] This thesis deals with the history of internal 

combustion engines and their control, the history of ignition systems and the control of combus-

tion mixture formation. It briefly describes the distribution of internal combustion engines and the 

current state of internal combustion engines and their control. It also touches on the distribution of 

ignition systems. The thesis is treated as an overview to assist in the construction or modification 

of an internal combustion engine adapted for the Shell-eco marathon competition.  

Keywords: automotive; internal commerce; internal combustion engine; propulsion system 

 

1. Introduction 

This thesis deals with the history of internal combustion engines and their control, the 

history of ignition systems and the control of combustion mixture formation. It briefly 

describes the distribution of internal combustion engines and the present state of inter-

nal combustion engines and their control. It also touches on the distribution of ignition 

systems. The thesis is treated as an overview to assist in the construction or modification 

of an internal combustion engine adapted for the Shell-eco marathon competition. The 

Faculty of Mechanical Engineering of the Technical University of Košice has been partic-

ipating in the Shell-eco marathon competition for several years. Until 2010, 3 internal 

combustion engines were manufactured at the faculty. Since 2010, however, the devel-

opment has focused on the modification of the combustion engine.   
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2. Division of internal combustion engines 

- depending on where the combustion occurs at 

• internal combustion engines (most current internal combustion engines) 

• external combustion engines, for which a distinction can be made as to 

whether the energy enters the working space 

• working gas supply (e.g. gas turbine) 

• by heat transfer through the heater of the working substance (e.g. 

Stirling engine) 

- according to the working cycle on 

• continuous duty engines (e.g. combustion turbine) 

• intermittent duty cycle motors 

• two-stroke 

• four- stroke [2] 

- according to the basic working principle on: 

• reciprocating internal combustion engines 

• straight reciprocating piston engines (most current internal combustion en-

gines) 

• reciprocating engines (Wankel engine) 

• turbine engines (turbines) 

• reactive engines (jet , or rocket) [3] 

- reciprocating internal combustion engines are divided into: 

• spark ignition - combustion is triggered by energy from an external source - 

the spark plug spark 

• diesel - where combustion causes heating of the compressed mixture above 

the ignition temperature 

• engines with combined ignition 

• glow engines [4] 

 

Fig. 1 – Four-stroke engine duty cycle- soaking, compression, combustion and ex-

pansion, exhaust [5] 
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Fig. 2 – Two-stroke engine duty cycle [5] 

 

Control unit 

 

  A typical control unit contains the standard microcomputer hardware and at 

least one additional piece of hardware, the so-called time synchronization unit 

(TPU).The role of the TPU is to synchronize the control signals with the repeating four-

cycle cycle of the internal combustion engine [3]. The programming of the control algo-

rithms is implemented by means of development environments. In [6], the basic task of 

the control unit is to modify the signal from the sensors for easier processing, most often 

by an A/D converter, then process the acquired data and amplify the output signal back 

to the power level required by the actuator. [7] 

 

Fig. 3 – Signal processing in the control unit [8] 

 

1. digital input signals 

2. analog input signals 

3. protection circuits 

4. amplifier, filter 

5. A/D converter 

6. digital signal processing 

7. A/D converter 

8. power switches 

9. power amplifier 
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The electronic sensor signals fed to the control unit may take different forms, for 

example analogue, digital or pulse signals. 

Analog input signals are signals that are supplied by the sensors as different volt-

age values, at a specific interval. [9] They are physical quantities that can be passed to 

the control unit as analog measured values, such as intake air mass, intake manifold 

pressure, turbocharger charge pressure, atmospheric pressure, accumulator voltage, 

coolant temperature, intake air temperature, and fuel temperature. These analogue 

measured values must be converted into digital values by the analogue-to-digital con-

verter (A/D converter) in the microprocessor (controller) of the control unit. [10]  

 

Digital input signals are periodic "rectangular" signals. They occur in only two 

states, namely "high" and "low" or "on" or "off". Signals of this type are emitted, for ex-

ample, by Hall sensors such as camshaft position or speed sensors. These signals can be 

processed directly by the microprocessor of the control unit without the use of a con-

verter. 

Pulse input signals are sent by inductive speed sensors or reference marks. They are 

pre-processed in the control unit's own circuitry and converted into digital signals. Any 

interfering impulses (infiltration of extraneous signals) are suppressed. [11] 

 

Petrol engines with indirect injection 

 

Whereas there used to be injection devices that operated mechanically and per-

formed electronically controlled functions after the fact, such as a system that injected 

continuously (continuously, permanently), today's injection devices are entirely elec-

tronically controlled and inject fuel (intermittently). [12] For intermittent indirect injec-

tion, the following three types of injection valve devices are distinguished: sim-

ultaneous injection, semi-sequential (or group injection), sequential injection. [13] 

 

Division of ignition systems 

Ignition systems are divided according to several criteria: 

 

1. According to the electrical component used, which accumulates the electri-

cal energy needed for the discharge: 

 

- Induction ignition: the magnetic field of the coil is used to store the electrical 

energy 

 

- Capacitive ignition: the electrical energy is stored in a capacitor [14] 

 

2. By power source: 

 

- Battery ignition: energy is obtained classically from the battery 

 

- Magnetic ignition: the necessary energy is generated directly by the engine 

through its mechanical work 

 

- Piezoelectric ignition: mechanical pressure on the piezoelectric crystals gener-

ates the necessary energy. [15] 
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3. According to the type of switch and timer used: 

 

- Contact operated ignition 

 

- Transistor contact ignition 

 

- Transistor contactless ignition 

 

• with inductive sensor 

 

• with Hall sensor 

 

• with opto-electric sensor [16] 

 

Classic ignition 

 

Conventional ignition is defined as battery (accumulator) ignition otherwise known 

as conventional ignition. It is an inductive ignition, which means that the ignition coil 

serves to both store and transform the supplied electrical energy. [17] This fact that the 

interspace of the ignition coil is used to accumulate the applied voltage is the main and 

distinguishing feature of induction ignition. [18] In spite of the long term development, 

the principle of battery ignition is still the same as the one Bosch came up with over 100 

years ago in Germany. Of course, the elements used have changed over time, and now-

adays the classic all-contact ignition is practically not used. [19] As the development 

went forward all the contact parts that were stressed mechanically but also el-electrically 

were gradually changed and replaced by non-contact sensors and the whole system in 

the case of electronic ignition started to be controlled by a control unit. The battery igni-

tion delivers excess energy mainly at low speeds and the energy delivered decreases as 

the speed increases, which is due to the design of this type of ignition. When the ignition 

system is switched on, current starts flowing from the battery to the ignition coil at ter-

minal 15.  [20] If the interrupter is connected (or its contacts), an electric current flows 

through the primary winding of the coil, which causes a mag-netic field in the coil. 

When this magnetic field is created, due to self-induction, a voltage is induced in the 

primary winding of the coil in the opposite direction to the applied voltage. This self-

induced voltage hinders the otherwise rapid emergence of a magnetic field of the same 

direction as that of the applied current. This retardation (delayed generation of a mag-

netic field in the same direction as the injected current) is precisely the cause of the drop 

in ignition voltage at high speed, which also has a significant negative effect on the qual-

ity of the ignition spark itself. [21] This phenomenon is a major problem especially in the 

case of multi-cylinder engines, because the more cylinders, the less time it takes to ignite 

a particular cylinder. The ignition coil has to be completely discharged and the system 

has to recharge overall, which takes some time. The minimum ignition time is some-

where around 0.3 ms, if this time is not maintained there is a risk of misfire. [22] The lim-

iting factor for this type of ignition is the time it takes for the entire system to prepare for 

a new cycle. Therefore, at high engine speeds and in multi-cylinder engines, there may 

be problems with ignition of the mixture, due to the lack of time for the system to re-

charge and completely discharge the coil [23]. 

3. Results 

As a result of this work, we provide a brief overview of mechanical drive systems. 

This overview can be used to build or modify an internal combustion engine for the 

Shell-eco marathon competition. The Shell Eco-marathon is an international competition 
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aimed at developing the most fuel efficient vehicle possible. The Faculty of Mechanical 

Engineering of the Technical University of Košice has been participating in this competi-

tion for 25 years, during which time it has developed 8 vehicles. Not only low fuel con-

sumption but also high safety are important for the vehicles. In addition to the low aer-

odynamic drag of the vehicle, the low weight of the vehicle is important to achieve low 

fuel consumption. This is achieved by the use of ultra-light and strong mate-rials in all 

vehicle components. The latest generation vehicle (2018) uses a self-supporting body, 

which increases the stiffness requirements at the front and rear. [24] 

 

The competition is divided into two main categories- Urban concept and Prototype. 

Both categories are further divided according to the type of propulsion, whether it is an 

internal combustion engine, an electric motor or a hydrogen engine. Our faculty is work-

ing on the Prototype category and the internal combustion engine development. Since 

the beginning of the participation of the Faculty of Mechanical Engineering of the Tech-

nical University of Košice in these competitions, the focus has been on the development 

and construction of its own body and, last but not least, on the development and pro-

duction of its own internal combustion engines that would achieve the best possible re-

sult in the competition. By 2010, the faculty had produced 3 functional combustion en-

gines with which the faculty participated in Shell-eco marathon events. Since 2010, facul-

ty development has focused on modifying and improving the commercially produced 

Honda GX35 internal combustion engine. [25] In 2019, the Faculty of Mechanical Engi-

neering of the Technical University of Košice, with the modified Honda GX35 engine, set 

a new Slovak record for this competition, which is 825km travelled on 1l of fuel. At the 

same time, the Faculty of Mechanical Engineering became the best team among the 

teams that were dedicated to the modification of the Honda GX35 engine. [26]] 
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Abstract: Currently, a significant proportion of actuators are used in the manufacturing industry is 

pneumatic in nature. Pneumatic bellows are a special category of pneumatic actuators. These actua-

tors have many advantages not only over actuators that also use compressed air, but also over hy-

draulic and electric actuators. Due to precise positioning of bellows actuators being a complex task, 

they are mainly used as discrete two-position actuators. This article deals with the issue of creating 

a mathematical model of a pneumatic bellows in order to be able to reliably position it, which would 

open the possibility of its application in tasks previously occupied by other types of actuators. The 

resulting mathematical model is then used to build a simulation model. Finally, the outputs of the 

simulation model is compared to experimental data. The model will be built for the Dunlop 2¾ bel-

lows. 

 

Keywords: pneumatics, actuator, bellows 

 

1. Introduction 

Compressed air is one of the basic forms of energy media that are widely used in 

manufacturing industry. Pneumatic actuators operate on the principle of different pressures acting 

on the walls of a pressure vessel, this difference causing deformation of the actuator or 

displacement of the actuator wall. 

These actuators are generally inexpensive, robust, compact, and offer high forces and 

speeds. On the other hand, they are unsuitable for precise positioning due to air compressibility 

and general nonlinear behaviour. 

Pneumatic actuators can be divided into two basic groups, namely piston actuators and 

deformation actuators. Examples of deformation actuators are McKibben muscles and pneumatic 

bellows. Pneumatic bellows consist of a flexible closed bellows body with an opening for the supply 

of compressed air. When the compressed air is introduced into the bellows, the bellows is starts 

to deform in a predictable way. Unlike pneumatic muscles, they are easier to manufacture [1]. 

Compared to piston actuators, they are more compact and resistant to improper mounting 

and radial forces, but are mathematically more complex to describe, difficult to position and have 

a nonlinear behavior [2]. 
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2. Deriving the mathematical model of a pneumatic bellows 

The pneumatic bellows is a linear pneumatic actuator. From a pneumatic point of view, it is 

a pneumatic spring with a continuously adjustable eqilirium position and stiffness. The equilibrium 

position of the pneumatic bellows and its stiffness depends on the stiffness of the pneumatic 

bellows material and on the internal pressure. The bellows can be viewed as a spring, mass and 

damper system (Fig. 2). 

As the pressure in the pneumatic bellows increases, its equilibrium position changes. At this 

point, the bellows behaves like a compressed / stretched spring. The direction of the force exerted 

by the spring is in the direction from the current position to the equilibrium position (Fig. 1). 

The pneumatic bellows is made of rubber. This bellows, without the application of pressure, 

has its own stiffness with its own equilibrium position and acts as a separate spring.  

The equilibrium position of the pneumatic bellows under pressure is at the point where the 

sum of the gravitational forces acting on the bellows, the pneumatic forces from the manometric 

pressure inside the bellows and the forces from the stiffness of the bellows itself are zero. This 

state is described by Equation 1 [3]. 

 

Fig. 1 Sketch of a pneumatic bellows 

𝑧0 −  eqilibrium height a zero manometric pressure; ∆𝑧 −  deviation of the bellows 

height from the equilibrium position 

 

Fig. 2 Pneumatic bellows force analysis [4] 

0 = 𝐹𝑚 + 𝐹𝑏 + 𝐹𝑘 − 𝐹𝑂𝑈𝑇            (1) 

𝐹𝑚 −  force from gravitational and inertial effects; 𝐹𝑏 −  damping force; 𝐹𝑘 −  forc from the 

stiffnes of the spring; 𝐹𝑂𝑈𝑇 − external loading force 

𝐹𝑔 = 𝑚𝑡𝑜𝑡𝑎𝑙 . 𝑔             (2) 

𝐹𝑎 = 𝑚𝑡𝑜𝑡𝑎𝑙 . 𝑎𝑧              (3) 

𝐹𝑚 = 𝐹𝑔 + 𝐹𝑎              (4) 
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𝑔 −  gravitational acceleration; 𝑎𝑧 −  acceleration of the pneumatic bellows in the 

direction of the bellows axis;  𝑚𝑡𝑜𝑡𝑎𝑙 − the total weight of the mass that the pneumatic bellows 

must lift, 𝐹𝑔 − gravity from the mass that the pneumatic bellows must lift 

𝑚𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑏𝑒𝑙𝑙𝑜𝑤𝑠/2 + 𝑚𝑚𝑎𝑠𝑠            (5) 

𝑚𝑚𝑎𝑠𝑠 − the mass of the superstructure and other objects which the bellows must lift; 

𝑚𝑏𝑒𝑙𝑙𝑜𝑤𝑠/2 − weight of the bellows devidet by two 

 

Force from spring stiffness 𝐹𝑘 is equal to the pneumatic stiffness of the bellows 𝐹𝑘𝑝𝑛𝑒𝑢, 

which is dependent on the stiffness of the bellows material𝐹𝑘𝑟𝑢𝑏𝑏𝑒𝑟 , asi is shown in equation (6). 

The dependance of 𝐹𝑘𝑝𝑛𝑒𝑢  from 𝐹𝑘𝑟𝑢𝑏𝑏𝑒𝑟  result from 𝐹𝑘𝑝𝑛𝑒𝑢  beeing dependent on the 

eqlibrium height 𝑧𝑒𝑞𝑣 , which is dependent on the stiffness force of the material 𝐹𝑘𝑟𝑢𝑏𝑏𝑒𝑟 , asi is 

shown in equation (7). The eqilibrium length of the pneumatic bellows wos meassured 

experimentaly and is visualised in figure 3. 

 𝐹𝑘 = 𝐹𝑘𝑝𝑛𝑒𝑢(𝐹𝑘𝑟𝑢𝑏𝑏𝑒𝑟)            (6) 

𝐹𝑘𝑝𝑛𝑒𝑢 − pneumatic stiffness of the bellows; 𝐹𝑘𝑟𝑢𝑏𝑏𝑒𝑟 − force from the stiffness of the 

bellows material 

𝐹𝑘𝑝𝑛𝑒𝑢 = 𝑘𝑝𝑛𝑒𝑢. (𝑧𝑒𝑞𝑣(𝐹𝑘𝑟𝑢𝑏𝑏𝑒𝑟) − 𝑧𝑟𝑒𝑎𝑙)          (7) 

𝑧𝑒𝑞𝑣 −  eqilibrium height of the bellows; 𝑧𝑟𝑒𝑎𝑙 −  real length of the bellows; 𝑘𝑝𝑛𝑒𝑢 − 

pneumatic stiffness of the pneumatic spring 

 

To calculate the force from the pneumatic stiffness of the bellows, it is necessary to have 

the stiffness of the pneumatic spring. In the following part, the relation for the calculation of this 

quantity will be derived. 

 

𝑃0 = 𝑃𝐴 + 𝑃𝐵              (8) 

𝐹𝐵 = 𝑃𝐵 . 𝐴 = (𝑃0 − 𝑃𝐴). 𝐴           (9) 

𝑘𝑝𝑛𝑒𝑢 =
𝑑𝐹

𝑑𝑧
=

𝑑(𝑃𝐵.𝐴)

𝑑𝑧
= 𝑃𝐵.

𝑑𝐴

𝑑𝑧
+ 𝐴.

𝑑𝑃0

𝑑𝑧
           (10) 

 

When the pressure in the bellows changes and then ubsequently the volume of air in the 

bellows changes, it is a polytropic event, so we can write: 

𝑃0. 𝑉2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡            (11) 

Derivating equation (11) we get: 

𝑑(𝑃0.𝑉𝑛)

𝑑𝑧
= 𝑃0. 𝑉𝑛−1.

𝑑𝑉

𝑑𝑧
+ 𝑉. 𝑛

𝑑𝑃0

𝑑𝑧
= 0          (12) 

After rearagnment: 

𝑑𝑃0

𝑑𝑧
=

𝑃0.𝑛.𝐴

𝑉
              (13) 
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Inserting equation (13) into (10) and rearagement we receive : 

𝑘𝑝𝑛𝑒𝑢 =
𝑃0.𝑛.𝐴2

𝑉
+ 𝑃𝐵 .

𝑑𝐴

𝑑𝑧
           (14) 

𝑃0 −  absolute pressure inside the bellows; 𝑃𝐴 −  atmospheric pressure;  𝑃𝐵 − 

manometric pressure at the inlet in to the bellows; 𝑛 − polytropic constant; 𝐴 − active surface 

of the bellows; 𝑉 − volume of air inside the bellows; 𝑧 − bellows lenght 

𝐹𝑏 = 𝑏. 𝑣𝑧              (15) 

𝑏 − damping constant; 𝑣𝑧 − speed of bellows extension  

3. Identification of missing parameters 

To create a bellows computational model, it is necessary to identify all relevant parameters. 

The measured parameters will be for the Dunlop 2 ¾ pneumatic bellows.   

To create a model of pneumatic stiffness of a pneumatic spring, we need the active surface 

on which the pressure acts, the total air volume in the bellows, the polytropic constant describing 

this process and the equilibrium height of the cylinder at certain inlet pressures. The polytropic 

constant for this event is n = 1. 

The active surface of the cylinder is obtained from the calculation by measuring the active 

radius of the cylinder. The active radius of the cylinder is Ract = 0.0359 m. It follows that the 

effective surface of the pneumatic bellows is A = 0.004 m2. The active surface does not change as 

the bellows deformes. The volume of air in the bellows changes as the bellows deforms. 

For the correct creation of the bellows model, it is necessary to determine the volume of air 

in the bellows, which is represented by equation (16). Due to the more complex geometry of the 

bellows, especially in its deformed state, a simplified model of the bellows was adopted. The 

grooves of the bellows are replaced by rings with a forming cross-section in the shape of an 

isosceles triangle. The volume is represented by equation (17). A more precise method of 

determining the volume is described in [5]. 

 

𝑉 = 𝑉𝑐𝑦𝑙 + 𝑛𝑛𝑣𝑟 . 𝑉𝑟𝑖𝑛𝑔 + 2. 𝑉𝑝𝑙𝑢𝑔 + 𝑉ℎ𝑜𝑠𝑒         (16) 

𝑉𝑟𝑖𝑛𝑔 =  𝑧𝑏𝑎𝑠𝑒 . 𝜋. (𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛 ). [
(𝑅𝑚𝑎𝑥 −𝑅𝑚𝑖𝑛 )

3
+ 𝑅𝑚𝑖𝑛]    (17) 

𝑉𝑝𝑙𝑢𝑔 = 𝑧𝑝𝑙𝑢𝑔 . 𝜋. 𝑅𝑝𝑙𝑢𝑔
2            (18) 

𝑉ℎ𝑜𝑠𝑒 =  𝐿𝑙𝑒𝑛𝑔𝑡ℎ . 𝜋. 𝑅ℎ𝑜𝑠𝑒
2           (19) 

𝑧𝑏𝑒𝑙𝑙𝑜𝑤𝑠 = 𝑧0𝑏𝑒𝑙𝑙𝑜𝑤𝑠 + ∆𝑧            (20) 

𝑧𝑏𝑎𝑠𝑒 = (𝑧 − 𝑧𝑟𝑒.𝑛𝑛𝑣𝑟)/𝑛𝑛𝑣𝑟           (21) 

𝑉𝑐𝑦𝑙 = 𝑧𝑝𝑙𝑢𝑔. 𝜋. 𝑅𝑚𝑖𝑛
2            (22) 

 

𝑧𝑏𝑒𝑙𝑙𝑜𝑤𝑠 − equilibrium height of the bellows at non-zero manometric pressure; 𝑧0𝑏𝑒𝑙𝑙𝑜𝑤𝑠 − 

equilibrium height of the bellows at zero manometric pressure; ∆𝑧 − deviation from equilibrium 

height; 𝑧𝑟𝑒 −  height of one reinforcement hoop; 𝑛𝑛𝑣𝑟 − number of bellows toroid parts; 

𝑧𝑏𝑎𝑠𝑒 − height of the bellows base; 𝑅𝑚𝑖𝑛 − radius of the inner cylindrical part of the bellows; 

𝑅𝑚𝑎𝑥 − radius of the outer cylindrical part of the bellows; 𝑅𝑝𝑙𝑢𝑔 − radius of the inner plug cavity; 
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𝑅ℎ𝑜𝑠𝑒 − inner radius of the hose; 𝐿𝑙𝑒𝑛𝑔𝑡ℎ − hose length; 𝑉𝑐𝑦𝑙 − volume of the cylindrical part 

of the bellows; 𝑉𝑟𝑖𝑛𝑔 − volume of one toroid part; 𝑉𝑝𝑙𝑢𝑔 − volume of air in the plug; 𝑉ℎ𝑜𝑠𝑒 − 

volume of air in the hose between the bellows and the pressure regulator; 𝑉 − total amount of 

air influencing the stroke of the bellows 

 

An important parameter for the correct definition of the behavior of a pneumatic bellows is 

the equilibrium length of the bellows. This parameter was identified by measuring the height of 

the unloaded cylinder oriented so that the direction of extension is collinear and opposite to the 

direction of gravitational forces. The overall change of the equilibrium position of the extension 

was later linearly interpolated via the measured points (Fig. 3). 

 

Fig. 3 Dependence of the equilibrium position of the bellows on the input manometric 

pressure 

 

It can be seen from the measured values that the value of the equilibrium height increases 

nonlinearly with increasing inlet pressure. Since the measured dependence within the measured 

range can be interpolated by a continuous function and no unpredictable bellows behavior was 

observed during the experiment, it is possible to create a simple model of the pneumatic bellows 

equilibrium height using the measured data.  

4. Comparison between the outputs of the simulation model and the experiment 

The pneumatic bellows simulation model was created in the Matlab / Simulink program. A 

comparison between the simulation model and the real behavior of the pneumatic bellows was 

performed for inlet internal manometric pressures of 1, 2, 3, 4, 5 and 6 bar. For each of these 

pressures, weights weighing 1, 2, 3, 4, 5, 6, 7 kg were gradually hung on the suspended bellows, 

and then the total length of the bellows was measured. The initial elongation value of 118.39 mm 

at a pressure of 0 bar is different from the nominal bellows size of 115 mm, due to the fact that 
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the bellows in this experiment was suspended and thus subjected to its own weight. A comparison 

of the simulation and experiment results is shown in Fig. 4 to Fig. 6. 

 

Fig. 1 Experiment vs. simulation at pressure 1 bar (left) and 2 bar (right) 

  

Fig. 5 Experiment vs. simulation at pressure 3 bar (left) and 4 bar (right) 

  

Fig. 6 Experiment vs. simulation at pressure 5 bar (left) and 6 bar (right) 
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Conclusion 

The attached graphs (Fig. 4 to Fig. 6) show that the given model of pneumatic bellows gives 

satisfactory results for steady state. The maximum deviation of the simulation from the 

measurements does not exceed 1.2 mm for all pressures, except for the inlet manometric pressure 

of 0 bar. At this pressure, the deviation at loads above 30 N exceeds 1 mm. From these values, it 

can be concluded that an error occurred during this measurement, or the behavior of the bellows 

at a pressure of 0 bar is influenced by influences that are negligible at other pressures. It can be 

assumed that the deviations between the simulation and the measurement come from errors 

made during the measurement or from phenomena that the relatively simple bellows model does 

not capture. 
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Abstract: Due to the unfavorable climate situation, which results mainly from excessive emissions, 

world organizations and powers are trying to ensure such changes that will eliminate or at least 

reduce emissions in all industries. The European Parliament is also taking major steps, creating leg-

islative steps that will reduce emissions by 60% by 2030 compared to 1990. These steps, or re-

strictions, will affect all industries, including the automotive industry, which is the most compre-

hensive producer. pollution worldwide at all. The solution could be research into alternative fuels 

as well as the implementation of new knowledge in engine design. 

Keywords: HCCI engine, automotive industry, pollution, emissions 

 

1. Introduction 

The automotive industry is the largest producer of pollution in Europe as well as 

worldwide. This pollution results from the actual production of vehicles and their parts, 

but of course also with the subsequent maintenance and recycling of used vehicles or their 

partial vehicles. The ever-increasing number of vehicles in the world, despite increasingly 

stringent rules, is failing in the world's emissions. Thus, it is still true that the effects of 

the effects of factors in industry are increasing much faster than the environment can deal 

with them on its own. In view of this, the European Union is adopting stricter laws and 

rules to prevent a growing trend in emissions. From 2025, the European Union plans to 

bring in force new standards, starting with EURO 7, which will still limit the production 

of motor vehicle emissions in the near future. 

Table 1 Overview of permitted emissions of vehicles with internal combustion engines 

 Gasoline [𝒈 ∗ 𝒌𝒎−𝟏] Diesel [𝒈 ∗ 𝒌𝒎−𝟏]] 

EURO 6 60 80 

EURO 7 30 30 

 

Table 1, as we can see, provides an overview of the emission limit values applicable 

to the still-regulated EURO 6 standard, as well as the maximum emission values for the 

EURO 7 standard, which is still in the planning stage and therefore cannot be changed at 

all. tightening of planned emission ceilings. By developing new production processes in 

industry, but by developing new ways of driving vehicles, it is possible to reduce world 

emissions. 
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2. Types of pollution caused by the automotive industry 

The automotive industry as a whole affects every sector of the environment. Whether 

it is a direct or indirect impact, the fact remains that negative interventions cause negative 

changes affecting the environment. 

We can therefore divide these environmental sectors into five subgroups of pollution 

that more or less affect the fauna and flora occurring in a given area: 

→ air pollution 

→ water pollution 

→ soil contamination 

→ sound pollution 

→ light pollution 

 

Figure 1. Distribution of pollution from the automotive industry 

2.1. Air pollution 

We can describe air pollution, or rather, as the presence of substances in the atmos-

phere, which results in the devastation of living organisms, the climate and the environ-

ment as such. We call these substances emissions and they affect the environment either 

directly or indirectly. 

→ Direct method: 

Inhalation of these toxic emissions by respiration causes serious diseases of the res-

piratory system, and thus the organisms that directly inhale these toxic substances are the 

most affected. These substances then settle in the respiratory system. 

→ Indirect method: 

Substances that are unnatural to the environment accumulate in the atmosphere, 

where they interact with air humidity, but also interact with each other. These chemical 

processes then produce toxic compounds that deplete the ozone layer, creating ozone 

holes. Areas that are not protected by the ozone layer are then directly exposed to ultra-

violet radiation, which is detrimental to the environment. By limiting the production of 

emissions, it is gradually possible to renew the layer of the zone in the atmosphere.

 
Figure 2 The value of the level of ozone in the atmosphere [11] 

Figure 2 is a graph presenting the value of ozone levels in the atmosphere and pre-

dicting its growth in the future. 
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Part of the emissions and their derivatives remain in the atmosphere and deplete the 

ozone layer. However, some of the emissions react with the humidity and in the form of 

precipitation, these emissions fall to the ground like acid rain. Figure 3 describes the pro-

cess of acid rain formation. 

 

Figure 3 Formation of acid rains [12] 

2.2.Water pollution 

The automotive industry also has a large impact on water purity. In the manufacture 

of vehicles and their parts, and in the operation of the vehicles themselves, partial parts 

of their manufacture enter the water and water bodies. During the operation of cars, var-

ious unwanted parts and emissions are released from them, which are carried into water 

bodies by air flow and rain. Subsequently, they evaporate into the atmosphere, where they 

enter the soil and crops in the form of rain. 

2.3. Soil contamination 

Soil pollution or contamination is caused by the direct action of the automotive in-

dustry but by indirect action. 

→ Direct method: 

During the operation and maintenance of the vehicle, toxic substances or parts of the 

vehicle are released from it, which settle near the roads and enter the soil or remain freely 

on the surface of the water. In this way, they enter the digestive tract of animals, where 

they cause health complications. 

→ Indirect method: 

The indirect way of polluting the soil is that the soil absorbs water and air in which 

toxic emissions are dispersed. These then fall to the ground in the form of acid rain and 

are absorbed by the soil.  

2.4. Noise pollution 

Sound pollution is defined as the long-term effects of unnatural sound on the envi-

ronment and living organisms. Despite its perceived innocuousness, the automotive in-

dustry and the cars themselves are a significant creator of this type of pollution. In hu-

mans, long-term exposure to this type of pollution can cause irreversible complications, 

starting with hearing disorders but also much more serious diseases and disorders of the 

cardiovascular and nervous systems. 

Similarly, there are living organisms for which such pollution is not natural. Many 

animals use echolocation for spatial orientation and navigation, which is disrupted by 

excessive sound. 

 

2.5. Light pollution 

Light pollution is defined by the presence of man-made light in the night environ-

ment. Light pollution is therefore only observable at night. Light pollution is most similar 
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to sound pollution. As with long-term exposure to excessive sound, long-term exposure 

to light can cause health complications by disrupting the natural biorhythm of living or-

ganisms and humans. Just as sound pollution causes health complications, especially in-

somnia, which is associated with diseases of the heart and vascular system, but also other 

serious mental and mental illnesses. Light pollution has a similar effect on living organ-

isms. Behavioral abnormalities and other health complications, but nocturnal dysfunction, 

have been observed in living organisms. 

 

Figure 4 Map of a light pollution of Europe [13] 

Figure 6 shows a map of light pollution in Europe. It is clear that metropolitan areas 

and densely populated areas are more affected by this type of pollution than less popu-

lated areas. 

3. Solution design 

As the situation of increasing environmental pollution caused by the automotive in-

dustry continues to worsen, companies developing and producing vehicles are working 

to address this issue. As mentioned in the introduction to this article, nature has the ca-

pacity to cope to some extent with the negative impact of the car industry. As this capacity 

is limited, efforts must be made to mitigate the impact of the automotive industry, to cre-

ate rules and restrictions aimed at neutralizing the environmental impact of this segment 

of the industry. 

Another possibility is the search for such design solutions and alternative fuels, or 

types of drives, which would achieve such a reduction in emissions. 

Currently, the development in the automotive industry is largely focused on the elec-

trification of vehicles, ie the replacement of the drive formed by a conventional internal 

combustion engine with an electric drive, or a combination of combustion and electric 

drive. Despite the best efforts of developers and also of the European Parliament to sell 

such vehicles, their share of the road is only 18%. Figure 7 shows the percentage of electric 

cars sold and the assumption of representation in the future. 

Replacing internal combustion vehicles with electric cars is a step forward in reduc-

ing emissions, but the fact that 80% of world electricity production still comes from fossil 

fuels needs to be considered. The percentage distribution of electricity producers is shown 
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in Figure 8. Thus, the electric car as such does not produce emissions, but the production 

of electricity still represents a significant producer of greenhouse gas emissions.  

 

Figure 5 Assumtion of the development of the share electric cary [14] 

 

Figure 6 Percentual representation of electricity sources [15] 

Another possibility is the research of hydrogen technologies and further develop-

ment of HCCI and RCCI engines, which offer high performance with low consumption 

and low emissions. Of course, the positive features of these types of engines are also con-

ditioned by significant shortcomings, and it is therefore necessary to carry out further ex-

tensive research. 

3.1. Implementation of the solution 

Based on the available information from vehicle manufacturers and energy produc-

ers, a table was compiled comparing the emissions of electric cars, petrol vehicles, SPCCIs 

and HCCIs. the values of produced emissions are summarized in Table 2. Due to their 

generally significantly higher CO2 emissions, diesel engines have been omitted from the 

table. 

The CO2 / km emission values were determined using the data of the emission pro-

ducers and the performance parameters from the vehicle manufacturer according to the 

relationship: 

𝑉𝑐 =
𝐷

𝐵𝑐
; (1)  

where Vc = vehicle consumption 

 D = distance 

 Bc = battery capacity 

 

The formula was then fitted to the formula for calculating the amount of emissions, and 

the formula was derived by further modification: 
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𝐴𝑒 = 𝑉𝑐 ∗ 𝑆𝑒 = 𝑉𝑐 ∗
𝐷

𝐵𝑐
; (2)   

 

where Ae = Amount of emissions 

 Se = Specific emisions. 

 

By substituting it into the formula, it is therefore possible to determine the value of 

the emissions produced in the production of the energy needed to charge the vehicle for a 

1 km long journey. 

The data required for installation were obtained from the energy producer's website 

and from the catalog sheets of the vehicle type. 

 

𝐴𝑒 = 106,7𝑔 ∗ 𝑘𝑤ℎ−1 ∗
58 𝑘𝑊ℎ

390 𝑘𝑚
= 15,87 𝑔 ∗ 𝑘𝑚−1 

 

Table 2 Overview of produced emissions of vehicles with internal combustion engines 

Vehicle engine type Power [kw] 𝑪𝑶𝟐 emissions [𝑔 ∗ 𝑘𝑚−1] 

Petrol engine 132 127 

Electro engine  132 15,87 

HCCI engine 132 52 

SPCCI engine 132 96 

      

 

It is therefore possible to conclude from the table that electric cars are the best choice 

when it comes to emissions. Nevertheless, the fact remains that the production and sub-

sequent disposal of used batteries places a significant burden on the environment and 

creates irreversible changes. Therefore, it is ideal to research HCCI and SPCCI technology. 

4. Conclusion 

The findings show that further research and development in the field of less environ-

mentally demanding vehicles is succeeding in slowing down the growing trend of emis-

sions, which is slowly alleviating the beginning of the global climate crisis. Partial or com-

plete replacement of internal combustion vehicles with electric cars can still help to im-

prove the climate issue. However, other promising options in the field of alternative fuels 

should not be forgotten. Also, innovative design solutions and research and implementa-

tion of new technologies can help gradually reduce emissions. 
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Abstract: Limited applications of robots in the real world are caused by the stochasticity and ran-

domness of environments, which makes it very difficult to hard-code a robot’s movement. The aim 

of this paper is to implement reinforcement learning algorithms within robotics in order to create a 

reliable policy that would be robust against the dynamics of environments. The approach uses the 

Soft Actor-Critic algorithm extended with the Hindsight Experience Replay algorithm, which can 

deal with the problem of sparse rewards, to function as a motion planner for a robotic arm. The 

combination of the algorithms is tested on a custom open-source robotic environment created with 

the ROS platform. The results show that the combination of SAC and HER solves a robotic task that 

cannot be solved by SAC itself. 
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1. Introduction 

Nowadays, robots are an integral part of society, although the vast majority of robotic 

applications consist of simple repetitive tasks in structured deterministic factory environ-

ments. In the case of implementing robots to complex tasks, such as DARPA Robotics 

Challenge 2015 [1], the challenge is designing a robotic control pipeline for autonomous 

operation. At every stage of the pipeline, some kind of mistake can be made, which results 

in accumulating the error as it goes through other stages and the robot will not do any-

thing useful. As a consequence, the whole decision process has to be slowed down in or-

der to avoid that assumptions within each stage are not violated too much. [2] 

On the other hand, reinforcement learning policies offer a different approach on how 

to design hard-to-engineer behaviours. The main idea behind reinforcement learning is 

that it enables an agent, in our case a robot, to autonomously discover an optimal behav-

iour through trial-and-error interactions with its environment. Instead of providing a de-

tailed solution to a problem by a supervisor, the agent learns through feedback in terms 

of a numerical value, reward, that measures the one-step performance of the agent. The 

agent aims to maximize this reward over time. [3] In recent years the reinforcement learn-

ing has been famously used to overcome world champions in strategy games such as Go 

[4] and Dota [5]. However, using reinforcement learning within robotics is substantially 

more challenging than well-studied discrete benchmark problems. Tasks in robotics are 

mostly represented with high-dimensional, continuous states and actions. The observa-

tion of the true state is most of the time incomplete and consists of a lot of noise. As a 

consequence, a robot is not able to know exactly in which state it is. Another issue is that 

many completely different states seem similar, which results in robot’s unreasonable ac-

tions. Besides the aforementioned problems, there are many other challenges such as 

sparse rewards, model errors, sample inefficiency, or an appropriate learning method. [3]  

The recent progress in the field of the model-free deep RL algorithms for continuous 

state and action space is the off-policy algorithm Soft Actor-Critic (SAC) [6], which pre-

sents sample-efficiency and stability at the same time. This algorithm has successfully 

solved robotic tasks such as rotating a valve or stacking Lego blocks. [7][8]. One of the 
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challenges of robotic tasks is using sparse rewards as an agent’s feedback since it is much 

easier to use than designing a complex dense reward function. Therefore, in order to cre-

ate a more robust algorithm, we decided to test the SAC algorithm extended with the 

Hindsight Experience Replay (HER) algorithm [9], which is capable to solve the problem 

with sparse rewards. The contribution of this paper is twofold: 

1) We extended the model-free off-policy SAC algorithm with HER to solve the Mu-

JoCo benchmark robotic environments [10] with sparse rewards. 

2) We have created the open-source environment using the ROS framework that 

can be used as a platform for future research.  

2. Preliminaries 

2.1. Notation 

In reinforcement learning the agent and environment, comprising everything outside 

of the agent, interact at discrete time steps t = 0, 1, 2, … At each time step t, the agent gets 

some representation of state st, which belongs to the state space S, and according to the 

state the agent selects an action at, which belongs to the actions space A. As a consequence 

of its action, the agent receives a numerical reward rt+1, which is computed and finds itself 

in a new state st+1. [11] The process of this interaction is shown in Fig. 1. 

 

Figure 1. Scheme of RL agent-environment interaction [11] 

The core of a reinforcement learning agent that defines the agent’s way of behaving 

at a given time is called a policy denoted as π. A policy π is essentially a map from a state 

to an action. A reinforcement learning algorithm is used for teaching a policy in a way 

that it guides changes of the policy’s parameters in order to maximize a reward: 

𝜋∗ = argmax
𝜋

𝐽(𝜋) = 𝑎𝑟𝑔 max
𝜋

∑ 𝐸[𝑟(𝑠𝑡|𝑎𝑡)]

𝑡=0

 (1) 

where J(π) represents the expected sum of the rewards. In this paper, we deal with 

stochastic policies, especially diagonal Gaussian policies, that outputs a probability distri-

bution over actions [12].  

2.2. Soft Actor-Critic 

The SAC algorithm is a state-of-the-art off-policy algorithm for the continuous con-

trol domain based on maximum entropy reinforcement learning. Maximum entropy RL 

leverages the entropy from the information theory. The entropy says how unpredictable 

the probability distribution p is or how random a random variable is. The easiest example 

of what entropy represents is tossing a coin. There is a 50/50 chance of either outcome, so 

it has high entropy. If the coin is biased so that it always comes up the head, then entropy 

is low. Maximum entropy RL extents the standard goal of an agent (Eq. 1) with the ex-

pected entropy of the policy as follows: [6][12] 

𝐽(𝜋) = ∑ 𝐸[𝑟(𝑠𝑡 , 𝑎𝑡) + 𝛼. 𝐻(𝜋(. |𝑠𝑡))],

𝑡=0

 (2) 

where the parameter α is called the temperature parameter, which determines the 

stochasticity of the optimal policy. The higher coefficient α supports more exploration of 
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the environment, whereas in the limit 𝛼→0 the standard maximum expected return ob-

jective is recovered. In order to ensure that the sum of expected returns and entropies is 

finite, it is common practice to use a discount factor γ. Consequently, the 2nd equation is 

modified as follows: [6][12] 

𝐽(𝜋) = 𝐸 ∑ 𝛾𝑡[𝑟(𝑠𝑡 , 𝑎𝑡) + 𝛼. 𝐻(𝜋(. |𝑠𝑡))]

𝑡=0

 (3) 

This form of the objective function has three main advantages. The first benefit is that 

the policy is forced to explore widely and unpromising areas are ignored. The second 

advantage is related to the first one. As the result of improved exploration, the learning 

speed is improved over methods using the standard objective. The last but not least ad-

vantage is that in cases where multiple actions seem to be equally promising, the proba-

bility mass of those actions would be equal. [6][12] 

2.3. Hindsight Experience Replay 

The state space of robotic environments is hard to explore because of its large size. 

As a consequence, an agent receives the reward 𝑟𝑡=−1 almost every timestep, which re-

sults that a standard RL algorithm is bound to fail. Despite the problems with sparse re-

wards, using dense rewards is much more inconvenient due to the need to design the 

right reward function that is capable of reflecting the task precisely but is also carefully 

shaped in order to guide the policy optimization. Therefore we decided to use the HER 

algorithm that can easily solve this issue. The simple idea of HER is that an agent can learn 

from his mistakes. Even though the agent would not accomplish the desired goal, we can 

pretend that the achieved state is the desired goal state and therefore the agent can obtain 

a positive learning signal. Repeating this process will result in successfully accomplishing 

arbitrary goals as well as the desired goals. The next advantage of HER is that it enables 

an agent to be flexible in terms of accomplishing different goals in the same environment. 

In order to want to learn only one specific goal, it is still recommended to learn multiple 

goals since HER learns faster using multiple goals. [9][10] 

3. Implementation 

The combination of SAC and HER has been tested using the ROS Melodic framework 

and KUKA Agilus KR 6 R900 CR. We first introduce the concept of motion control and 

the custom environment thereafter. 

3.1. Basic motion control architecture 

To ensure that the position of each joint is correct during the whole trajectory execu-

tion, the ros_control package and Moveit are used. The ros_cotrol package provides real-

time robot controllers that take an actual and desired state of a joint and control the output 

sent to an actuator utilizing a generic control loop feedback mechanism. The ros_control 

package also provides the high-level controller called Joint Trajectory Controller. MoveIt 

generates a trajectory, which is a set of waypoints consisting of positions for joints. Con-

sequently, the role of Joint Trajectory Controller is to ensure that these waypoints are exe-

cuted at specific time instants.  

With regard to the paper, the agent determines the [X, Y, Z] coordinates of an end-

effector together with its constant orientation described by the quaternion [x, y, z, w] and 

inputs them to the TRACK-IK solver thereafter. The solver computes a set of position way-

points in order to achieve the desired [X, Y, Z, x, y, z, w] coordinates and consequently, 

these waypoints are passed to Joint Trajectory Controller. This architecture has been em-

ployed because of the reason that it allows to change the trajectory smoothly during its 

execution without any impact on the quality of the robot’s movement. 
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Figure 3. Motion control architecture 

3.2. KUKA Push task 

For the purpose of testing the SAC + HER combination, the “KUKA Push” task has 

been created, which involves training the KUKA robot to push a block towards the goal 

position, which is randomly chosen within the predefined robot workspace. 

3.2.1. Reward function  

As it was already mentioned in the previous chapters, using dense rewards is not 

convenient due to difficulties in designing a suitable reward function. As a result, the 

KUKA Reach environment use the following reward function: 

𝑅(𝑔𝑎𝑐ℎ , 𝑔𝑑𝑒𝑠) = {
0

−1
       

𝑖𝑓 |𝑔𝑎𝑐ℎ − 𝑔𝑑𝑒𝑠| <  𝜀
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (4) 

where 𝑔𝑎𝑐ℎ denotes the achieved goal, 𝑔𝑑𝑒𝑠 is the desired goal and 𝜀 represents toler-

ance. The desired goal is a goal position 𝑔𝑑𝑒𝑠 of a block and the achieved goal 𝑔𝑎𝑐ℎ is an 

actual position of the block. The tolerance 𝜖 is set to 1 cm. The goal position of the block 

and the initial block position are randomly chosen on the table surface within the robot 

workspace.  

3.2.2. States 

The state space within this task is 26-dimensional. The properties of the state repre-

sent the following features: 

1) The pose of the end-effector with respect to the world frame  

-   given in 3 positional elements [𝑋,𝑌,𝑍]  

-   given in 4 rotational elements [𝑥,𝑦,𝑧,𝑤] (a quaternion) 

2) The pose of the block relative to the world frame 

- given in 3 positional elements [𝑋,𝑌,𝑍]  

- given in 4 rotational elements [𝑥,𝑦,𝑧,𝑤] 

3) The position of the block relative to the end-effector 

- given in 3 positional elements [𝑋,𝑌,𝑍] 

4) The linear velocity of the block 

- given in 3 linear velocity elements [𝑣𝑥,𝑣𝑦,𝑣𝑧] 

5) The angular velocity of the block 

- given in 3 angular velocity elements [𝑤𝑥,𝑤𝑦,𝑤𝑧] 

6) The linear velocity of the end-effector 

-   given in 3 linear velocity elements [𝑣𝑥,𝑣𝑦,𝑣𝑧] 

The pose of the end-effector is obtained using MoveIt and its linear velocities are com-

puted using the actual and previous position of the end-effector. The object’s pose and 

velocities are defined by the custom plugin that was created in the Gazebo simulator to 

publish the properties of the object. The publishing rate is 1000 Hz, whereas the sampling 

time needed for computing velocities is 40 ms (the sampling rate is 25 Hz). This sampling 

time is defined by the size of the timestep within RL interactions.  
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3.2.3. Actions 

The policy outputs three continuous actions representing [𝑋,𝑌,𝑍] position coordi-

nates. Each action value is from bounded interval ⟨−1,0;1,0⟩. After choosing actions, these 

action values are converted thereafter into the valid values of the robot workspace. 

 

Figure 4. KUKA Push environment 

4. Results 

The experimental analysis has two objectives. The first aim is to train the robust pol-

icy that is capable of solving the KUKA Push task, whereas the second goal is to train it in 

the shortest time possible. On a system with the 8 core Intel i7-9700K CPU and NVIDIA 

RTX 2080 Super GPU, training our policy take approximately 7 epochs (approx. 116 

minutes or 3 500 episodes). However, to test the stability of the policy we let the training 

process last for 30 epochs (approx. 8 hours or 15 000 episodes). The learned policy is ca-

pable of solving the task with a 100% success rate and it is robust to external forces that 

can change the object’s pose. 

 

Figure 5. Learning performance of SAC+HER in KUKA Push environment 

The training process brought many complications. The first issue concerned the 

shape of the gripper. The cylindrical gripper caused that the object was thrown away from 

the robot workspace each time the gripper hit some edge of the object. This is the result of 

using the Gazebo simulator that lacks support regarding the applying contacts between 

objects. Changing the original cylindrical gripper with the cuboid gripper representing a 

finger has resolved this issue.  
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Choosing the right features, which represent the input to the policy, was also prob-

lematic and it is necessary to realize what exactly the agent needs to know in order to 

solve a task. Regarding our work, the velocities of the object and the gripper were crucial 

conditions for accomplishing the task. The final main problem was to define the robot 

workspace and initial positions of the object and a goal position. The agent could not learn 

if the space of initial positions was too large. 

5. Conclusions 

The aim of this paper was to verify the Soft Actor-Critic and Hindsight Experience 

Replay algorithms in the custom-created environment within ROS. The simulation results 

of the KUKA Push task prove that the combination of SAC+HER has state-of-the-art per-

formance within robotic environments. The next logical step should be verifying the 

agents in the real world. Besides that, the future work could have two options. The first 

option would be to use this combination for solving more difficult robotic environments 

using ROS, such as handling compliant food objects or trying to achieve even better per-

formance by using LSTM neural networks. The other option would be to work on new 

types of algorithms and test them on the environments that have been created within the 

thesis. The algorithm that seems to be particularly interesting is the Monte Carlo Tree 

Search algorithm for continuous action and state space. Regarding this paper, we hope 

that the created open-source environments could enable the ROS community to test dif-

ferent RL algorithms or motivate its members to create other environments. 
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Abstract: The presented study deals with the definition of biomaterials and the degree of biocom-

patibility, which is important in the interaction of the organism with a foreign entity. Furthermore, 

the process of biodegradation of materials to which any material implanted in a living organism is 

subjected is developed. Since one of the conditions for the introduction of new biomaterials into 

clinical practice is a series of in vivo and in vitro testing, the authors collective focused on the in 

vitro method, where a methodology for assessing the biodegradation of polymeric materials was 

proposed. The choice of polymeric materials was not random, but purposeful due to the increasing 

use in implantology because of their excellent mechanical properties, easy availability, and cheap 

manufacturability.   

Key words: biodegradation, testing methodology, polymer materials 

 

1. Introduction 

An integral part of modern medicine is an intensive connection with the field of im-

plantology. Since ancient times, people have tried to replace damaged tissues or missing 

parts of the human body with available natural materials such as wood or animal skin. 

However, over time, synthetic materials began to come to the fore, which were character-

ized by better mechanical properties, increased functionality, and the ability to better 

withstand degradation processes. Subsequently, the interest of scientists in the field of 

regenerative medicine, cell biology, tissue engineering, biomedical engineering, etc., fo-

cused on the development of bioresorbable materials, which would support the growth 

of new living cells and thus initiate increased regeneration of the human body to the point 

where the damaged tissue or segment in the living organism was completely replaced. As 

a result of the biodegradation taking place in the human body, the material would decom-

pose into bioabsorbable particles upon termination of its function, thus achieving a state 

where reoperation of the damaged part would no longer be necessary due to implant fail-

ure and thus increase patient comfort itself. However, in order to achieve such bold goals, 

it is necessary to know to a sufficient extent how biodegradation affects the mechanical-

physical-chemical properties of given materials over time. These results can be achieved 

by a series of tests using the in vitro method, which is also the subject of the research of 

the present work [1].   

2. Biomaterials and their interaction with the human body 

According to the author Kulinets, biomaterial can be defined as material that comes 

into contact with a living organism in order to perform the desired function. Because bio-

materials can be created from a wide range of solids, liquids, and gels, the definition itself 

has changed over the years to demonstrate the current state. 

At present, biomaterials can be divided into three basic groups: 

• Synthetic materials (metals, polymers, ceramics, composites) 
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• Natural materials (plant origin, animal origin) 

• Polysynthetic or hybrid materials 

Because medicine uses biomaterials to treat, augment, or replace organs and tissues, 

it is essential that the material meets clinical, manufacturing, and economic requirements. 

In order to achieve the desired result, chemical, physical, biological, and mechanical re-

quirements are considered in the selection of a suitable material. The material must not 

undergo spontaneous degradation during implantation, must not cause allergic and in-

flammatory reactions, nor must it be non-radioactive, non-carcinogenic and non-toxic [1]. 

All of these requirements determine the degree of biocompatibility of the material, which 

is crucial because, when a tissue is injured, an immediate healing reaction occurs in the 

body by flooding the damaged area with blood. The soluble fibrinogen contained in the 

blood converts to fibrin and forms a blood clot that promotes platelet adhesion. Subse-

quently, monocytes aggregate, which differentiate into macrophages, which absorb for-

eign microbes and cells, thus cleaning up the site of injury. The blood clot is transformed 

into vascularized granulation tissue by fibroblasts and endothelial cells, which is gradu-

ally replaced by the extracellular matrix (ECM). The degree of ECM remodeling depends 

on the extent and location of the injury, where the result is either a total regeneration of 

the tissue structure or the formation of different types of scar tissue. When any material is 

implanted in an organism, a process called a foreign body reaction occurs in the human 

body (Figure 1). Immediately after implantation, non-specific adsorption of proteins oc-

curs on the surface of the implant. The paradox is that this phenomenon never occurs 

during natural physiological wound healing. Due to the excessive adsorption of individ-

ual cells, inflammatory processes are triggered at the implantation site, resulting in the 

formation of multinucleated cells surrounding the implant. The final stage is the complete 

isolation of the implant by avascular, collagen tissue [2]. 

 

 
Figure 1. The organism reaction to a foreign entity [2] 

3. Degradation of materials and their testing in vivo and in vitro 
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Degradation can be defined as an irreversible process in which the structure of a 

given material changes permanently over a period of time. In the case of components im-

planted in living tissue, this term is called biodegradation. In the process of biodegrada-

tion, organic and inorganic substances are decomposed into simpler and more easily de-

gradable compounds with the help of living organisms [3]. Experts in the field of surgery, 

therapeutic medicine and biomedical engineering are increasingly looking at the process 

of biodegradation as a targeted phenomenon, which brings with it a wide range of usabil-

ity. Examples are biomaterials that are implanted in the human body for the gradual re-

lease of drugs, in the case of tissue engineering these are porous structures on which living 

cells are deposited. Such a scaffold provides the body with a suitable environment for the 

damaged tissue to regenerate to such an extent that the porous structure is no longer 

needed. Controlled biodegradation by the immune response results in gradual degrada-

tion of the scaffold without intoxication of the body [4-6]. 

3.1 Possibilities of biodegradation 

 When implementing any material into clinical practice, the material must be sub-

jected to a series of tests, which are performed using two methods, in vivo and in vitro. 

The in vivo method is based on the principle of monitoring changes in the implanted 

material that take place directly in the living organism, for example animal models, in the 

case of clinical studies humans [7]. 

The in vitro method is performed under laboratory conditions in which the environment 

of the living organism is simulated in the presence or absence of cellular structures, while 

the interaction of the material with the solution is monitored. It should be added that in 

order to obtain the most relevant results, it is necessary to subject the investigated material 

to both test methods [8]. 

4. Design of the methodology for biodegradation of polymeric materials in vitro 

In the presented work, we focused on the evaluation of polymeric materials in vitro 

due to the fact that they are widely used in the field of implantology because they are 

easily manufactured in various forms and their composition is similar to those found in 

living organisms. 

The design of the in vitro methodology was preceded by research of scientific publi-

cations in the field of biodegradation of polymeric materials, which is listed in Table 1. 

Table 1. Overview of scientific biodegradation studies  

Material Degradation solution Time of degradation Authors collective 

PCL PBS solution + lipase 28 days 
Neumann et al., 2019 

[9] 

PHB/HA 
Suspended growth 

medium 
30 days 

Senatov et al., 2017 

[10] 

PLA SBF solution 8 months Guo et al., 2017 [11] 

PLA/PCL PBS solution 4 weeks 
Navarro-Baena et al., 

2016 [12] 

PLA/BG PBS solution 6 months 
Vergnol et al., 2015 

[13] 

PLA/PEG SBF solution 8 weeks 
Barbeck et al., 2017 

[14] 

PLA/BG SBF solution 600 days Blaker et al., 2011 [15] 

PCL PBS solution + NaOH 6 weeks Lam et al., 2008 [16] 

PLA/PHB PBS solution 12 months Freier et al., 2002 [17] 

The first step in evaluating polymeric materials in vitro is to select the material to be 

tested and determine a suitable biodegradation method.  
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Accelerated in vitro biodegradation, in which the test material is exposed to more de-

manding conditions, which can be induced by accelerating the flow in a mechanical mixer, 

by increasing the ambient temperature as well as by changing the pH. The advantage of 

this method is the delivery of results in a short period of time, which ultimately leads to a 

reduction in the cost of the testing itself. The disadvantage is the need to verify the rele-

vance of the results by standard non-accelerated testing [18]. 

Natural biodegradation simulates real processes that take place in the body after implan-

tation of the material. Both of these methods are included in the European standard ISO 

10993-13, which specifies values such as pH, ambient temperature, duration of the exper-

iment, etc. [19]. 

The second step is to select a biodegradation medium that depends on the selected 

material and its solubility. The difference between the individual solutions lies in their 

composition, speed of action and in the properties themselves. The following media are 

used for biodegradation experiments. 

The saline solution, which contains 9 grams of NaCl dissolved in 1 liter of water, reaches 

an almost identical osmolality value with the blood plasma, which has a value of 287 

mOsm/kg. For this reason, it is widely used in molecular biology, cell biology and medi-

cine, where it is infused in dehydration or serves as a solvent for various drugs [6]. 

Phosphate-buffered saline (PBS) can be defined as an aqueous salt solution containing 

compounds such as potassium dihydrogen phosphate, sodium hydrogen phosphate, so-

dium chloride or potassium chloride. Due to the correct salt concentrations and stable pH, 

it is one of the most widely used solutions in the field of biodegradation [13]. 

Simulated body fluid (SBF), while maintaining physiological temperature and constant 

pH, is able to reach the osmolality value of blood plasma, similar to physiological solution. 

It is used to evaluate the bioactivity of the material because it contains a large amount of 

calcium and phosphate ions, which cause spontaneous growth of bone cells on the surface 

of the biomaterial. [15] 

Hank's solution (HS) consists of inorganic salts that are rich in bicarbonate ions supple-

mented with glucose. It is used in cell culture media because it maintains a physiological 

pH of 7-7.4, which is necessary for proper cell growth [6]. 

 The third step is the preparation of test samples. In the case of polymeric materials, 

based on a review of the scientific literature, it is appropriate to use additive technology, 

i.e., 3D printing, to produce samples. Based on the prepared samples, the duration of the 

experiment, the ambient temperature and the required pH values are determined. As it is 

necessary to ensure constant conditions throughout the biodegradation assessment, reg-

ular monitoring of these conditions is necessary to achieve relevant results. 

 The fourth step is to insert the test samples into the individual solutions. Prior to self-

storage, samples must be weighed, and this process repeated at each condition check. 

 The fifth step is to evaluate the results obtained. Biodegradation can be assessed 

based on changes in the weight of individual samples. From these data, the absorption of 

the samples and the weight loss of the samples can then be calculated. The absorption 

analysis of the samples provides important information regarding the hydrophilic nature 

of the test material and the weight loss analysis can define the rate of degradation of the 

samples in each solution. By analyzing pH changes, it is possible to determine which so-

lution showed the most stable pH values during biodegradation. Industrial tomography 

analysis provides more detailed information regarding changes in sample volume, sur-

face area, and radius compared to a non-degraded sample. The analysis of mechanical 

stress will make it possible to determine the influence of biodegradation on the mechani-

cal properties of the monitored materials. 

5. Conclusion 

The presented work dealt with the methodology for the evaluation of biodegradation 

of polymeric materials using the in vitro method. The design was preceded by an over-

view of scientific publications listed in Table 1, in which the authors monitored the effect 
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of biodegradation solutions on individual polymeric materials. The aim of this study was 

to summarize the available information and create a clear background material that will 

be used for further research and subsequent publications. 
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Abstract: This paper deals with the issue of localization systems in the field of its hardware parts. 

Currently, this technology is on the rise, thanks to the idea of Industry 4.0. It is the fourth industrial 

revolution that lays the foundations of the Smart Factory, making the exponential "Internet of 

Things" function an integral part of this whole. Thanks to localization systems, we can create a dig-

ital twin of the production plant and thus create conditions for possible optimizations of not only 

material but also production flows. The main idea of this article can be considered a description of 

the hardware part of this technology, where its basic parameters and parts will be described. The 

hardware will be divided into anchors and tags that form the basis of this technology and bring very 

remarkable results today. 

Keywords: RTLS, system, UWB, technology, hardware 

 

1. Introduction 

RTLS stands for Real Time Localization System. As the name suggests, this is a real-

time location. In this case, the basic component is the position just mentioned. If we want 

something, we must know what position and position it is in. If we want to point to some-

thing, we need to know the right position. A manufacturing enterprise can implement 

processes to ensure that certain items are in a predetermined location and thus increase 

sales.  

On the other hand, the company can also ensure the implementation of processes 

that allow the employee to find materials or tools in a significantly lower time using lo-

calization technology. This case also focuses on security. Under this idea it is possible to 

understand the possible finding of an injured person in large manufacturing companies 

and thus increased the percentage of survival abroad of the worker. 

2. RTLS system 

RTLS allows us to monitor the location inside buildings, halls or other enclosed 

spaces. It can be said that it is actually GPS that works in enclosed spaces, in defined zones 

that are covered by radio frequencies. 

There are two types of RTLS: 

- Precision-Based RTLS 

- Proximity-Based RTLS 

Precision-Based RTLS is implemented via either UWB (ultra-wide band) or Wi-Fi 

based technologies. Precision-Based RTLS allows you to track things in a perfectly accu-

rate position, which can be used for inventory management. The disadvantage is the high 

initial cost and requires a large infrastructure to be able to measure with high accuracy. 

Depending on the technology used, the price of receivers and transmitters may also in-

crease. 
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Proximity-Based RTLS can accurately determine a location of up to approximately 

12m2, making it ideal for use when we do not need an exact location. For example, if we 

know the employee is in room 302, we can easily find him there. These systems are 

cheaper, do not need such a large infrastructure as Presision-Based and also have rela-

tively cheaper receivers and transmitters. 

3. RTLS system by SEWIO Networks 

Sewio networks is a manufacturer of RTLS systems for indoor monitoring, which 

drive business results in warehouses, logistics, the entertainment industry as well as ani-

mal husbandry. It provides customers and partners with a precise, reliable, fully scalable 

and customer-oriented Internet of Things (IoT) solution for internal tracking that enables 

process visibility, increases production efficiency, simplifies the inventory process and re-

sults in an overall better view of production managers. Last but not least, this technology 

provides an incomparable increase in the safety of not only workers but also production 

technology and technology. 

 

Figure 1. Logo of SEWIO Networks 

This technology works on the principle of UWB technology. This technology is used 

at the Department of Industrial and Digital Engineering with a valid license for both the 

hardware and software part of this localization technology. 

To determine the position of the object, Sewio RTLS uses several hardware devices 

that collect UWB signals and transmit them to the server, where the position is determined 

by a localization mechanism. RTLS technology consists of three main parts: tags, trans-

mitters and software support in the form of RTLS Studio. Transmitters, resp. the anchors 

are placed in spaces in tactically pre-selected places, preferably in the corners of rooms or 

walls. Moving tags transmit a relatively short UWB signal at constant intervals, which is 

received by the anchors.  

The anchors send time records from UWB signals via Ethernet or WiFi to the RTLS 

server, which is then connected to the software part by the already mentioned RTLS Stu-

dio. This software then determines the exact location and stores the collected data in a 

database. The location data is then available through the API. RTLS Studio also allows 

you to visualize real-time monitoring and analyze stored data.  

 

 

 

 

 

 

 

 

 

Figure 2. Scheme of operation of UWB RTLS technology 
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The main advantages of Sewio RTLS localization technology are a high level of sys-

tem control, high accuracy and easy scalability. 

 
 

Figure 3. Logo of SEWIO hardware products 

4. Basic hardware components 

4.1 Anchors  

These are static devices that receive UWB signals from tags. The set of transmitters forms 

the localization infrastructure of the building. RTLS is fully scalable, which allows endless 

expansion of the covered area by adding additional anchors to the network. The anchor 

provides great reach and strong consistent coverage. Its uniform radiation model mini-

mizes the possibility of "blind spots" in the placement area. The anchor is ready for use in 

industry because it uses an active PoE injector with a DC 48V output and a robust housing 

to meet safety standards. Robust synchronization ensures proven reliability in harsh en-

vironmental conditions. 

 

 

Figure 4. SEWIO anchor Vista DirectFive with Radiation Pattern 

Features: 

- http configuration and control interface, 

- remote configuration using RTLS Manager, 

- High number of configuration parameters, 

- positioning accuracy up to 30 cm, 

- locators from <10 to <1000, 

- system from 1 cell consisting of 4 antennas to several cells, 

- refresh rate from 100ms to 60s. 
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Table 1. Technical Parameters - Vista DirectFive 

 
 

4.2 Tags 

In a real-time location system, (RTLS) tags are small electronic devices that are at-

tached to objects that need to be tracked. The tags send out blinks that are received by 

anchors and forwarded to the location server for calculating the tags’ position. RTLS Tags 

are used for asset tracking, vehicle tracking, material flow analysis and employee location 

tracking for safety reasons. 

As each vertical and use case bring in different tag requirements, Sewio developed 

three different tags to allow customers to choose the right tag to meet both their needs and 

budget. The design of the system also enables Sewio partners to further customize the 

tags. 

For midsize organizations to enterprises that are struggling to increase their effi-

ciency, Sewio RTLS tags provide a real-time tracking and identification solution. Unlike 

traditional indoor tracking technologies, only Sewio provides high accuracy together with 

a long tag battery life, enabling the tracking of thousands of tags within one area.Sewio 

offers three types of tags: 

- Leonardo Personal: People/employee tracking and identification, 

- Leonardo Asset: Object tracking and identification – coin battery powered, 

- Leonardo Vehicle: Object tracking and identification with an external power sup-

ply. 
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Figure 5. SEWIO type of tags 

5. Conclusions 

Today, localization technologies are becoming an integral "collaborator" for execu-

tives and managers, who ultimately help them with a general overview of the operation 

of a manufacturing company. In such cases, it is possible to build on other optimization 

options, both material and production flows. 

Localization systems should always be designed to cover the area with the lowest 

possible number of receivers (anchors), which keeps the cost of the project itself low. In 

real cases, the layout of production halls is complex and involves a huge number of corri-

dors and narrow alleys, which requires many receivers and cabling to them, so the cost of 

the installation itself increases. Thanks to 1D motion tracking using directional antennas, 

it is possible to achieve the required accuracy with fewer receivers and cabling. 1D is thus 

a revolutionary step for the indoor localization market, as it significantly reduces project 

costs and project payback times. 
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Abstract: In this study, completely new metal alloys were investigated materially and technologi-

cally, which are made of bioabsorbable elements Zn, Ca, Mg, that are found in the human body, 

and to which the body has a natural biocompatibility. In order to improve the mechanical and 

chemical properties, these alloys were micro-alloyed with Mn. The use of these materials is di-

rected to the field of medicine - for the preparation of intracorporeal implants using several man-

ufacturing technologies, including additive manufacturing with targeted biodegradation in the 

patient's body. The microhardness of alloys was increased by the method of rapid casting into a 

cooled mold. With the addition of Mn, the microhardness increased on average by 30% for 

pre-alloys and by 40% for rapid cooling alloys. The microhardness was increased by an average of 

25% by rapid cooling. The highest microhardness value of 130.6 ± 6.0 was measured for the 

Zn-0.4Mg-0.4Ca-0.8Mn alloy. 

Keywords: biocompatibility, zinc alloys, biodegradation 

 

1.Introduction 

Conventional non-degradable biomaterials, such as stainless steel (SS), co-

balt-chromium (Co-Cr) alloys or titanium (Ti) and its alloys are generally used as per-

manent or temporary implants. These metallic biomaterials have been extensively used 

for diverse biomedical applications, including joint replacements, fracture fixation, car-

diovascular stents, and remodeling of bone, because of their high mechanical strength 

and corrosion resistance. [1] However, these materials contain various alloying elements 

such as aluminum (Al), vanadium (V), chromium (Cr) and nickel (Ni), which adversely 

affect their biocompatibility for tissueengineering applications. Moreover, the mismatch 

between the elastic modulus of natural bone (3-30 GPa) and those of these metallic im-

plant materials (190-200 GPa for SS, 210-240 GPa for Co-Cr alloys, and 90-110 GPa for Ti 

alloys) leads to stress shielding of the surrounding bone that causes bone resorption and 

subsequent implant loosening. Such implant failures often requires additional complex 

revision surgeries to remove or replace them. For new types of materials containing ex-

clusively all the elements that occur in the human body (biodegradable / bioresorbable, 

(BM)), the problem of revision surgery is eliminated. BMs can provide the necessary 

support to host tissues undergoing a regeneration process and they degrade naturally in 

the physiological environment and dissolve entirely after sufficient tissue healing, while 
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their by-products can be metabolized by the body as they are usually non-toxic. Even its 

products of degradation Zn, Ca, Mg ions help in the healing and regeneration of the 

surrounding damaged soft tissue. [2,3,4] In our research, we consider the development of 

alloys combining elements: zinc, magnesium, calcium with the addition of micro-alloy 

manganese, lithium and silver. All the main elements are represented in the human body. 

The recommended daily allowance for an adult person is 1000 mg Ca [5], 420 mg Mg [6], 

10 mg Zn [7] and 2.3 mg Mn [8]. The dominant (matrix) element of our alloys is zinc, 

which has an important function in bone metabolism. Zinc supplementation stimulates 

osteoblast bone formation, meanwhile inhibiting osteoclast differentiation, and results in 

increased bone strength. Recent research also confirms that bioresorbable zinc alloys 

show significantly better mechanical properties in orthopedic implants, compared to bi-

oresorbable polymers and magnesium alloys with a maximum strength of 350 MPa. [5] 

Zn exhibits a lower corrosion rate than Mg, because its electrode potential is from -2.37 V 

to - 0.76 V. Mg-based alloys generally degrade rapidly in the body, 2-3 months following 

implantation and their rapid degradation is associated with evolution of excessive hy-

drogen gas (H2) at the interface between surrounding tissue and the implant. However, 

Zn-based alloys exhibit intermediate degradations rates and their degradation products 

are fully bioresorbable without evolving excessive H2 gas. [9,10,11] A summary of some 

physical and mechanical properties of existing non-biodegradable and biodegradable 

metallic biomaterials, along with features of natural bone tissues, is given in Table 1. It 

can be seen that pure Zn shows the lowest ultimate tensile strength σUTS, tensile yield 

strength σTYS and elagonation ε among all metallic biomaterials. Therefore, the devel-

opment of zinc alloys with higher σUTS, σTYS, and ε is one of the main challenges to its 

suitability as a candidate material for biomedical applications. The mechanical properties 

of Zn alloys can be enhanced by tailoring their microstructures via alloying and ther-

modeformation treatment. [1] 

 

Table 1 Comparison of physical and mechanical properties of bone tissues along with existing 

non-biodegradable and biodegradable metallic materials. [1] 

 

2. Development of alloys with required mechanical properties 

There were prepared and characterized completely new, unpublished ternary al-

loys of the Zn-Mg-Ca type, alloyed by a small addition of Mn. From the point of view of 

mechanical properties, we consider the biggest challenge to increase the plasticity of 

these alloys above 15% while maintaining the strength > 450 MPa with corrosion re-

sistance. 

  A very important process influencing the properties of the final products from these 

alloys is the method of their production. Conventional techniques for the production 

and processing of alloys, such as the casting of alloys and their thermomechanical pro-

cessing into final products, have been chosen. 

Preparing Zn-0,4Mg-0,4Ca-xMn, (x=0, 0.2, 0.4, 0.6, 0.8, 1.1wt%) - elements Mg, Ca, 

Mn, stabilize the solid solution and increase the toughness and strength of the alloy. The 
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alloys will be prepared in the shape of rollers Ø 20 mm, length 50 mm, by gravity cast-

ing into graphite molds, each weighing about 100 g. 

 

Figure 1 a. melting furnace –Goldbrunn therm, b. cast Ø 20 mm and length 50 mm inside the 

graphite mold 

In order to obtain higher strengths, the states of the analyzed alloys will be prepared by 

processing the castings, which will allow the refinement of the grain of the solid 

solution. It is method of rapid cooling of the melt in cooled Cu form in the Melt spinner 

SC device. 

 

Figure 2 a. equipment - Melt spinner SC, version with the possibility of low pressure die 

casting of the melt into a cooled Cu mold, b. cast Ø 5 mm and length 130 mm inside a copper 

mold 

2.1. Characterization of the prepared samples 

The phase composition and structure of the individual states of the analyzed alloys 

were evaluated by the X-ray diffraction analysis on a Philips X Pert Pro diffractometer. 

Alloys were measured in the range 2 Theta 10-140˚. The step size was 0.03˚ and the en-

durance on the step was 25s. Analysis of the chemical composition of the alloys was 

performed using SEM (scanning electron microscope) Jeol JSM 700F supplemented by 

elemental EDX analysis (Energy-Dispersive X-ray analysis) locally at selected points as 

well as over the area. 

With regard to the future use of alloys in applications for intracorporeal biore-

sorbable implants, specific weight (density) measurements were performed for the ana-

lyzed alloy states on the Kern ABT 120-4M analytical scales and microhardness meas-

urements on the Wilsom-Wolper Tukon 1102 microhardness tester with a Wickers in-

dentor using a load of 0.1 kg- HV0.1. 
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3. Results 

3.1 EDX analysis 

 Table 2 contains information of the real chemical element composition of the produced 

alloys, which were confirmed by EDX chemical semi-quantitative analysis of the ele-

ments present. The actual chemical composition varies from the required to 2wt% for 

pre-alloys and by 0.1wt% for alloys after rapid cooling. 

 

Table 2 Chemical elenemtal composition of manufactured alloys 

Sample 

 

EDX [wt%] 

Pre-alloy 

EDX [wt%] 

After rapid cooling 

Zn Zn Zn 

Zn-0,4Mg-0,4Ca Zn-0,24Mg-0,37Ca Zn-0,37Mg0,4Ca 

Zn-0,4Mg-0,4Ca-0,2Mn Zn-0,53Mg-0,37Ca-0,2Mn Zn-0,32Mg0,29Ca-0,24Mn 

Zn-0,4Mg-0,4Ca-0,4Mn Zn-0,45Mg-0,42Ca-0,38Mn Zn-0,35Mg0,41Ca-0,4Mn 

Zn-0,4Mg-0,4Ca-0,6Mn Zn-0,6Mg-0,48Ca-0,56Mn Zn-0,42Mg-0,44Ca-0,6Mn 

Zn-0,4Mg-0,4Ca-0,8Mn Zn-0,55Mg-0,43Ca-0,85Mn Zn-0,36Mg-0,43Ca-0,8Mn 

Zn-0,4Mg-0,4Ca-1,1Mn Zn-0,44Mg-0,38Ca-1,15Mn Zn-0,30Mg-0,36Ca-1,1Mn 

 

3.2 X-ray diffraction alaysis 

 Using the Ritveld refinement method of the XRD records, the sizes of the lattice pa-

rameters a, c for the castings, which were casted under the Ar atmosphere with low 

pressure by rapid cooling were determined. At the same time, it was determined that 

these alloys form a supersaturated solid solution. It is clear from Fig. 3 that the lattice 

parameter c decreases while the parameter a increases. The result is substitution hard-

ening, where Zn is replaced at certain positions in lattice by Mn. These alloys crystallize 

in a hexagonal lattice with a space group P 63 / m m c. 

 

Figure 3 Lattice parameters a, c pure Zn and ternary Zn-based alloys 
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3.3 Specific weight (density) 

 The Archimedes method determined the specific weight of the pre-alloys and samples 

after rapid cooling while comparing the measured data. It can be seen from Fig. 4 that the 

specific weight increased by rapid cooling of the melt, since a porous structure was pre-

sent in the pre-alloys prepared by gravity casting. The Mg and Ca elements they lighten 

Zn and with the addition of Mn the specific gravity increases slightly. 

 

Figure 4 Specific weight of Zn pre-alloys and Zn alloys after rapid cooling 

3.4 Microhardness HV 0,1 

HV0.1 microhardness measurements with a 10s endurance were performed on a 

Wilson-Wolper Tukon 1102. The hardness of the castings, which were processed by low 

pressure die casting into a cooled mold, increased. This process resulted in grain refine-

ment followed by curing. It is also clear that by adding Mn to Zn alloys we obtain better 

mechanical properties. The highest microhardness value of 130.6 ± 6.0 was measured for 

the Zn-0.4Mg-0.4Ca-0.8Mn alloy. With the addition of Mn, the hardness increased on 

average by 30% for pre-alloys and by 40% for rapid cooling alloys. The hardness was in-

creased by an average of 25% by rapid low pressure die casting and thus grain refine-

ment. 

 

Figure 5 Microhardness HV0,1 Zn pre-alloys and Zn alloys after rapid cooling 
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4. Conclusions 

 Through the synthesis of information obtained from various types of experiments, new 

types of metal alloys were introduced, as well as the technology of their processing in the 

production of the most advanced intracorporeal implants with targeted dissolution in the 

patient's body. A clear benefit of this research is the design of materials that meet the 

complex requirements for intracorporeal implants that are used in traumatic injuries. The 

mechanical properties of the alloys were increased by the method of rapid casting into a 

cooled mold. To achieve even higher mechanical properties, it is appropriate to use other 

processes, such as homogenization annealing followed by thermomechanical consolida-

tion. The next step in this research is the design of an additive technology for processing 

these ternary powder alloys into the shape of an implant. Additive manufacturing of im-

plants from bioresorbable alloys and tailored to the patient will be a significant shift to-

wards orthopedics, with the least invasive effect on the patient. 
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Abstract: The production process of the components itself significantly affects the obtained surface 

roughness. For this reason, it is necessary to constantly monitor the surface changes that occur dur-

ing the production process. One of the most important surface properties is the ability to achieve 

the highest possible level of adhesion after applying a layer of paint or adhesive. To guarantee this 

property, it is important to select the correct pre-treatment. A paper deals on chemical surface pre-

treatment, the so-called conversion coatings. The paper focuses on the evaluation of morphological 

surface changes after the application of various selected types of chemical pretreatments, based on 

roughness parameters. The measured values were subjected to statistical analysis. 
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1. Introduction 

The resulting properties of the metal components are determined by the condition of 

the surface. Surface imperfections often affect the properties of a material, whether phys-

ical or technological. In practical cases, the actual metal surface is mediated by external 

conditions and therefore it is necessary to study the properties and subsequent changes 

of the material on the surface layer. The surfaces of the components reflects their produc-

tion processes, which significantly affect the obtained surface roughness and therefore it 

is necessary to monitor these changes of surface in terms of roughness. [1,2,3] 

Another important property of the surface is the ability to achieve the highest possi-

ble degree of adhesion with respect to the subsequently applied coating or the best possi-

ble bond of substrate and adhesive in the technology of adhering materials by gluing. The 

technology of bonding materials has been known for a long time and is still widely used 

for its undeniable advantages, which it provides over technologies using additional adhe-

sive element. It is important to implement proper surface pretreatment, which greatly 

contributes to achieving high adhesion of bonded surfaces. [4,5,6] 

The pretreatment can be done by using chemical surface pretreatment, the so-called 

conversion coatings. The formation of conversion coatings consists in the reaction of the 

metal surface with the surrounding environment in which the metal is present during the 

surface pretreatment. Conversion coatings are characterized by high electrical resistance, 

which affects the corrosion protection of metal surfaces. [7] Conversion coatings have high 

level of adhesion to the base material and insolubility in water and solvents. Coatings or 

adhesives, which are then applied into the conversion coatings, show excellent anchorage 

to the surface thus pretreated. [8,9,10] 

The paper is focused on the evaluation of surface changes after the application of 

various types of chemical pretreatments using individual roughness parameters. The re-

sults were then subjected to statistical evaluation. 
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2. Material and methodic of experimental work 

The basic material is galvanized microalloyed steel with the designation HX340LAD 

+ Z (W. Nr. 1.0933) - (hereinafter only Zn). 

It is characterized by a fine structure and increased cold formability and therefore 

finds application in dynamically stressed vehicle parts. 

 

Methods of chemical pretreatment of basic material 

The base material was pretreated by the following methods of chemical surface pre-

treatment: 

1. Without surface treatment - the sheet was preserved by electrostatic oiling with an 

oil weight of 0.5 - 2.5 g.m-2 

2. Surface treated with chip-free zirconate passivation (hereinafter referred to as BP) - does 

not contain chromium ions or other substances harmful to the environment, it can be used 

as a conversion layer before coating or gluing. The procedure for passivation with chro-

mium-free zirconate was as follows: degreasing, washing, passivation of zirconate (RT, 3 

min.), Rinsing, rinsing in demineralized water, drying. 

3. Surface with a layer of iron phosphate (hereinafter referred to as PHFe) - creates a 

compact coating of ferric phosphate on steel with an average coating weight of 0.5g.m-2. 

The phosphating procedure was as follows: degreasing, rinsing, phosphating (60 ° C, 3 

minutes), rinsing, rinsing in demineralized water, drying. 

4. Surface with a layer of zinc phosphate (hereinafter referred to as PHZn) - serves as 

corrosion protection or as a base layer under coatings to improve their adhesion. The 

phosphating process was as follows: degreasing, rinsing, activation at RT - 3 min. - bath 

stirring, phosphating at 60 ° C - 5 min., Rinsing, rinsing in demineralized water, drying. 

5. Surface treated with organosilane (hereinafter referred to as Adhez.) - an agent that 

increases the adhesion of organic coatings and adhesives. The procedure for the applica-

tion of the organosilane was as follows: degreasing, rinsing, immersion in an aqueous 

solution of the organosilane preparation (RT, 10 min.), Drying. 

 

Roughness evaluation methodology and its statistical evaluation 

The evaluation of the surface roughness of individual samples was carried out in 

accordance with the international standard STN EN ISO 4287, according to which the 

roughness parameters were assessed: Ra - mean arithmetic deviation of the profile, Rz - 

largest profile height, RSm - mean width of profile elements. 

The measured values of the parameters of the individual samples were subsequently 

subjected to statistical evaluation using statistical characteristics and the Kruskal - Wallis 

normality test, which specifies a nonparametric parallel to the single - phase analysis of 

variance (Anova). Anova is used when comparing the assessed mean values of more than 

two independent files in the event that the conditions for the use of parametric analysis of 

variance (file normality test) are not met. 

The contact roughness tester - Surftest - SJ 301, Mitutoyo, Japan was used to measure 

the specified roughness parameters. This profilomer can be characterized this as a tactile 

device, works on the principle of evaluating the sample by contact scanning the microge-

ometry of the surface using a probe with a diamond tip with a radius of 5 µm. 

3. Results and discussion 

Parameter Ra 

The individual statistical characteristics for the parameter Ra are shown in the graph-

ical representation. From the measured values it can be stated that the highest average 

value was recorded for the sample Zn. On the contrary, the lowest value was recorded for 

the Zn - BP sample. When determining the extreme differences for the parameter Ra, any 
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presence of outliers was refuted. The values of the parameter Ra do not come from nu-

merical selection with a normal distribution and based on this fact non-parametric tests 

were used. 

The measured values and their differences between the samples to which different 

chemical pretreatments were applied are visible on the graphic representation, Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. The statistical quantities and measured values for the parameter Ra 

 

Subsequently, statistical significance was verified by ANOVA. Hypotheses were for-

mulated: H0: the type of chemical treatment does not affect the value of the parameter Ra, 

H1: the type of chemical treatment affects the value of the parameter Ra. 

The resulting value was for p = 0.0000, which is less than the significance level α = 

0.05, so we reject the null hypothesis about the equality of the parameter Ra between the 

groups at the significance level α = 0.05. This means that between the samples Zn to Zn - 

Adhez. are statistically significant differences and we can state that chemical pretreatment 

has an effect on the surface roughness parameter Ra. 

Profilograms and Firest - Abbot curves for individual surface pretreatments, Figure 

2, document the difference of surfaces after the application of the monitored types of sur-

face pretreatments on the Zn material. 

                                           a) Profilogram + Firest - Abbot curve for sample Zn 

                       b) Profilogram + Firest - Abbot curve for sample Zn - BP 
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                                             c) Profilogram + Firest - Abbot curve for sample Zn - PHZn 

                                              d) Profilogram + Firest - Abbot curve for sample Zn - PHFe 

                                               e) Profilogram + Firest - Abbot curve for sample Zn - Adhez. 

 
                      Figure 2. Profilograms and Firest - Abbot curves for evaluated samples 

 

 

From the mentioned profilograms it is possible to state differences in the morphology 

of pretreated surfaces of Zn material. The most obvious change in surface morphology is 

after zinc phosphating. The number of protrusions is clearly higher, which corresponds 

to the fine phosphate crystals that have formed on the surface as a result of the chemical 

reactions of iron and phosphates dissolved in the phosphating solution. The surfaces after 

passivation and application of organosilane only copy the original surface of the Zn ma-

terial. The surface after iron phosphating is amorphous in nature and also copies the orig-

inal surface of the sheet. 

 

Parameter Rz 

The statistical characteristics for the parameter Rz are contained in Figure 3. From the 

values that were measured, it can be stated that the highest average value of Rz was rec-

orded in the sample Zn - Adhez. and the lowest for the Zn - PHFe sample.  

Even for this parameter, the measured values do not come from numerical selection 

with a normal distribution and non-parametric tests were used. 

Verification was performed by Kruskal - Wallis test based on the resulting p value of 

samples H (4, N = 150) = 49.55876, p = 0.0000. The test confirmed that p <α, so at the level 

of significance α = 0.05, the null hypothesis of equality of mean values is rejected. 

Thus, the chemical pretreatment also had an effect on the surface roughness param-

eter Rz. 

A graphical representation of the values of the parameter Rz, where the difference of 

the measured values manifested itself, is documented in Figure 3. 
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Figure 3. The statistical quantities and measured values for the parameter Rz 

 

Parameter RSm 

Statistical characteristics for the RSm parameter are shown in Figure 4. The highest 

average RSm value was recorded for the sample Zn - Adhez. and the lowest average value 

for Zn - PHFe. 

Also for this parameter the measured values do not come from numerical selection 

with normal distribution and non-parametric tests were used. The difference of the meas-

ured values between Zn samples to which different chemical pretreatments were applied 

are visible in Figure 4. 

 

 

 

 

 

 

 

 

 

Figure 4. The statistical quantities and measured values for the parameter RSm 

Subsequent experimental measurements of roughness parameters clearly show that 

the value of the parameter Ra does not change significantly for individual surface pre-

treatments - from 0.85 to 1.07 µm. Based on analyzes, the Rz parameter can be specified 

as relatively stable - from 4.84 to 5.65 µm. The differences between the individual surface 

treatments were more pronounced for the RSm parameter from 98.10 to 138.87 µm. Sur-

face differences were also seen in the courses of profilograms and Firest - Abbot curves. 
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In the case of the use of such surfaces for adhesive bonding technology, it is possible to 

expect an increase in the contact area between the adhesive and the surface-treated mate-

rial. 

4. Conclusions 

Based on the results obtained during the experimental work, can be stated that all 

applied types of chemical pretreatments have a major impact on the achieved values of 

the examined surface roughness parameters in the assessed microalloyed steel marked 

HX340LAD + Z. This phenomenon is presented by measured which are depicted in Firest 

- Abbot curves are also supported by the performed statistical analysis. 

The applied chemical surface pretreatment contributes to the increase of the contact 

area, which is extremely important for achieving good adhesion and subsequently applied 

coatings or for increasing the overall strength of the adhesively bonded joint. Good results 

are also achieved by experimentally verified surface treatment with organosilane, which 

is simple (rinse-free) and technologically undemanding (does not require heating of pro-

cess fluids, takes place at room temperature). 
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Abstract:  

This article deals with antimicrobial treatments applicable to industrial equipment that can 

effectively eliminate the presence of bacteria, fungi and viruses, including Covid-19. Usability in 

various industries where this type of treatment is suitable. The article introduces the various ways 

in which we can prevent the multiplication of bacteria, fungi, fungi, algae or viruses. Antimicrobial 

treatments are improving not only in healthcare but also in industrial sectors. 

The development in this area occurred not only in the application of antimicrobial treatment 

to textiles or medical devices, but also directly to industrial equipment using coatings, foils. This 

industry is developing directly in industrial equipment such as fans, nanotechnology filters, poly-

mers.  

Keywords: antimicrobial equipment, clean room, Covid-19, optimization, virus 

 

Introduction 

Products containing antimicrobial ingredients help keep our homes, schools, offices 

and other public places clean and hygienic every day. By helping to prevent the growth 

of unwanted microbes, antimicrobial chemicals can help people from the disease. 

Antimicrobial use protects industrial processes, water treatment systems, food pro-

cessing equipment, medical technology and others. For example, cooling towers that reg-

ulate heating, ventilation and air conditioning in residential, office or medical facilities or 

large industrial buildings. These areas are particularly susceptible to microbial growth. 

Antimicrobial surfaces are designed to either inhibit the ability of microorganisms to 

grow or damage them by physical processes. These surfaces are especially important for 

healthcare. Designing effective antimicrobial surfaces requires a deep understanding of 

the initial mechanisms of microbial adhesion to the surface. Molecular dynamics simula-

tion and time-lapse imaging are commonly used to investigate these mechanisms. 

By optimizing the equipment, we can use antimicrobial treatments to eliminate the 

risk of SARS-CoV-2 virus infection, which causes Covid-19 and spreads through contam-

inated surfaces, by inhalation and persistence in a contaminated environment. 
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1. Antimicrobial technology 

Antimicrobial technology describes the collective knowledge, expertise and methods of 

using ingredients to create products that are permanently protected against bacteria, fungi 

and viruses [1]. We call antimicrobials compounds that could reduce, eliminate the pres-

ence of microbes such as bacteria or viruses [2]. 

 

 

What is antimicrobial [3] 

 

Antimicrobials are compounds that have the ability to reduce, eliminate the presence of 

microbes such as bacteria or viruses. [2] 

 

 

Antimicrobials a simple overview [4] 

 

Types of antimicrobial substances 

The main antimicrobials include: 

• Silver compounds (Ag) - antimicrobial effect destroys the cell membrane of microbes, 
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• Copper oxide (CuO) - copper oxide nanoparticles are highly effective against certain 
types of bacteria, 

• Zinc oxide (ZnO) - in combination with iron oxide shows sufficient antimicrobial activ-
ity, 

• Titanium dioxide (TiO2) - shows antimicrobial activity by self-cleaning ability and po-
tential of toxic decomposition, titanium nanofibers are prepared by electrostatic spinning, 

• Magnesium oxide (MgO) - stops the growth of microbes, especially intestinal bacteria, 

• Nitric oxide (NO-) nanoparticles - has a significant antimicrobial effect with a focus on 
MRSA (methicillin-resistant Staphylococcus aureus). [5] 

TYPES OF ANTIMICROBIAL TREATMENT 

• Antimicrobial coating, 

• Antimicrobial foil, 

• Antimicrobial textiles, 

• Antimicrobial filters, 

• Germicidal emitters. [6] 

A useful way to organize the types and goals of antimicrobial treatment is to consider 

where treatment will begin over the course of the disease progression. Therapy can be 

prophylactic, preventative, empirical, definitive, or suppressive. [7] 

 
Antimicrobial therapy-disease progression timeline. [7] 

 

Methods of final antimicrobial treatment 

 

Antimicrobial agents can be applied to textile substrates by suction, curing, coating, 

spraying and foaming. [8] 

 

Various methods to improve the durability of the surface treatment include: 

 

• Insolubilisation of active substances in / on fiber, 

• Fiber treatment with resin, condensate or crosslinking agents, 

• Microencapsulation of antimicrobial agents with a fiber matrix, 
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• Fiber surface coating, 

• Chemical modification of the fiber by forming a covalent bond, 

• Use of graft polymers, homopolymers or fiber copolymerization. [9,10] 

Application of antimicrobials in various sectors: 

• Paints and coatings, 

• Plastics, 

• Consumer products, 

• Food and beverage processing, 

• Medical and healthcare, 

• Restaurants and restaurants and other. [11, 12] 

2. APPLICATION OF ANTIBACTERIAL NANOTECHNOLOGY IN INDUSTRIAL 

CONDITIONS 

The primary role of surface coatings in industrial applications was to provide corrosion 

protection and mechanical resistance. Recently, with advances in nanoscience, polymer / 

nanocomposite coatings have been developed and used for several purposes, including 

biomedical applications such as antibacterial surfaces.  

 

 

The difference between unprotected and protected surface by antimicrobial treatment. [13] 

Types of methods for applying antimicrobial nanotechnological coatings: 

• Easy solution application, 

• Immersion coating, 

• Cast paint, 

• Application with an abrasive trowel, 

• Spray, 

• Rotation method. 
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In a simple solution application, the solution is added dropwise and applied to a 

substrate and allowed to evaporate. The immersion technique involves immersion in a 

polymer melt or solution followed by drawing and subsequent drying. A cast coating 

where a polymer solution is applied to the non-stick surface of a mold of the desired shape 

and then the solvent is evaporated. Abrasive application is one of the commonly used 

methods for forming thin layers over large areas. Drying occurs when the thin layer is 

subsequently applied to the surface. The spraying method is also a fast method that is 

mainly used for three-dimensional solid objects. The rotary method is applied by dripping 

a drop into the center of the surface and at a selected speed the coating spreads over the 

surface and forms a high quality and fine film. [13] 

 

Schematic representation of common coating techniques [13] 

 

The current SARS-CoV-2 pandemic, which causes Covid-19, has shown great poten-

tial for antimicrobial treatment. The effectiveness of antimicrobial technologies in combat-

ing pandemics is highly effective and its use is broad in industry. With the development 

of antimicrobials, controlling the spread of viruses, bacteria and fungi, including Covid-

19, will be easier and more effective. The antimicrobial device will be designed for the 

elimination of the Covid-19 virus, but also for the classic elimination of viruses, bacteria, 

fungi and algae. The aim of the antimicrobial device will be to achieve the highest possible 

sterility in the areas where it will be applied, thus achieving the "Clean Room" effect. The 

development of such devices will make the fight against pandemics, viruses, bacteria or 

fungi highly effective, where, in addition, it will ensure a minimum of dust in the environ-

ment, in which it automatically adjusts its performance according to the contamination of 

the area. 

 

     CONCLUSION 

The purpose of the article is to include general knowledge about antimicrobial treat-

ment and to briefly describe the importance of anti-microbial treatment, their applicability 

in various industries and to point out their effectiveness. Antimicrobial treatments have 

many advantages, and these technologies are constantly advancing, whether in the form 
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of coatings, foils, the creation of antimicrobial fabrics, filters, germicidal radiators. Antimi-

crobial materials are suitable in our industrial facilities for the elimination of Covid-19 vi-

rus in the air, which achieves the effect of "Clean Room". With the gradual development 

of antimicrobial devices, we can see increasing opportunities in industry, healthcare, food 

and application is expected in more and more industries. Antimicrobial treatments and 

devices are becoming more and more popular, and their future is very favorable. 
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Abstract: High-strength steels have suitable mechanical properties to meet all the requirements of 

the end consumer, strict environmental standards while being economically suitable for the manu-

facturer. The main use of these materials is in the automotive industry, where reducing the weight 

of cars and increasing passenger safety is required. This article deals with the evaluation of deep-

drawability of two types of steel sheets - steel with transformation-induced plasticity TRIP RAK40/ 

70 and deep-drawing steel DC06. The mechanical properties of the examined materials were evalu-

ated by a uniaxial tensile test. With the use of cup test we evaluated the mean ear height and mean 

ear height expressed as a percentage on cylindrical cups with diameters of 69.15 mm without and 

with the use of lubricant.  

Key words: TRIP steels , deep-drawing steels, limit drawing ratio, anisotropy, mean ear height 

 

1 Introduction 

 The development of materials for the automotive industry is currently facing several 

conflicting requirements, such as the search for weight reduction, sufficient rigidity or 

high strength for the safety of passengers. [1] 

 In addition to these requirements, today's cars must meet standards that push for air 

protection and fuel efficiency, which is associated with the weight of the vehicle. All this 

under strictly economic constraints. For these reasons, the choice of material when de-

signing a car structure is a key decision for designers. [2,4,5] 

 In research and development, the greatest attention is currently focused on prog-

ressive high-strength steels (AHSS) and ultra-high-strength steels, which are mainly for-

med by a group of martensitic steels. The AHSS group includes transformer-induced plas-

ticity steels (TRIP steels) and two-phase steels (DP steels). All these groups of steels show 

a suitable combination of mechanical properties, together with environmental, safety and 

economic standards. [6,6] 

 In this paper, we will evaluate the deep-drawability of high-strength steels compared 

to deep-drawing steels based on the limit drawing ratio and the average normal 

anisotropy ratio, which was proposed by The International Deep Drawing Research 

Group (IDDRG). 

2 Experimental materials 

 Two grades of steel sheets were used in the experimental research - deep-drawing 

steel DC06BZE75/75PHOL (marked M1) and steel with transformation-induced plasticity 

TRIP RAK40/70Z100MBO (marked M2). The evaluated steel sheets were electrolytically 

galvanized on both sides - material M1 with the amount of zinc 75 g/m2, for material M2 

it represents the amount of zinc 100g/m2. The chemical composition of the materials is 

given in Tab. 1. [7] 
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                        Tab. 1. Chemical composition of materials 

 C Mn P S Ti Si Al Cr Cu Ni 

M1 0,02 0,25 0,02 0,02 0,3      

M2 0,205 1,683 0,018 0,003 0,009 0,2 1,73 0,055 0,028 0,018 

 The values of mechanical properties of the examined sheets obtained by uniaxial ten-

sile test according to STN EN ISO 6892-1 are given in Tab. 2 

Tab. 2 Mechanical properties of materials 

 Thickness (mm) Rp 0,2 (MPa) Rm (MPa) A80 (%) 

M1 0,75 140 278 51,7 

M2 0,75 443 766 26,3 

3 Deep-drawability evaluation 

 According to STN 42 0127, cold-rolled steel sheets are divided into quality groups 

listed in Tab. 3. [8] 

Tab. 3 Evaluation of sheet metal quality according to the mechanical properties 

RP0,2  

[MPa] 

A80  

[%] 
rm 

Limit 

drawing ratio 

IDDRG 

<180 > 40 ≥ 1,65 ≤ 0,45 EDDQ-S 

180 ÷ 200 38 ÷ 40 1,50 ÷ 1,65 0,45 ÷ 0,48 EDDQ 

200 ÷ 240 36 ÷ 40 1,30 ÷ 1,50 0,48 ÷ 0,50 DDQ 

> 240 28 ÷ 36 0,90 ÷ 1,3 0,50 ÷ 0,55 DQ 

  Tests for the evaluation of the deep-drawability of experimental materials were 

performed on a hydraulic tearing machine ZD 40 with a tool (Fig. 1) with exchangeable 

functional parts for testing the drawability of thin sheets. The tests were performed in 

order to determine limit drawing ratio and mean ear height. 

 

Figure 1 Tool for deep-drawability evaluation 
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The parameters of the deep-drawing tool are given in Tab. 4. 

Tab. 4 Deep-drawing tool parameters 

 

Parameters 
Dimensions 

[mm] 

Die diameter - dd 71.25 

Punch diameter - pp 69.15 

Clearence between punch and die - cpd 1.05 

Punch radius - rp 6 

Die radius - rd 6 

Cup test for an inner diameter of 69.15 mm without the use of lubricant  

 The limit drawing ratio LDR is defined as the ratio of the cup diameter to the initial 

diameter of the blank. The method for determining the limit drawing ratio is based on the 

fact that the dependence of the force Ft on the blank diameter is linear. The point at which 

the regression line intersects the line of maximum force (force required to tear off the bot-

tom Fmax) determines the limit diameter D0 on the x-axis. In order to construct the reg-

ression line, measurements of the force Ft were performed for each of blank diameters of 

the materials M1 and M2. 

 In this test, flat-bottomed cylindrical extracts with a diameter of 69.15 mm were 

drawn from circular blanks with diameters of 119, 123, 128, 133, 138 and 144 mm. From 

every blank three cups were made.  

 The measured values of the forces when drawing cups from the material M1 are 

shown in Fig. 2. The limit blank diameter determined mathematically for material M1 is 

D0max = 157.84 mm. The limit drawing ratio in the first draw of the examined sheet has a 

value of LDR = 0.437. 

 

Figure 2 Forces for cups of inner diameter 69.15 mm for M1 without the use of lubricant 
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 The measured maximum forces for the individual blank diameters and the bottom 

breaking force for the samples of experimental material M2 are shown in Fig. 3. The limit 

blank diameter determined mathematically D0max = 143.94 mm. The limit drawing ratio in 

the first draw of the examined sheet has a value of LDR = 0.479. 

 

Figure 3 Forces for cups of inner diameter 69.15 mm for M2 without the use of lubricant 

Cup test for an inner diameter of 69.15 mm with the use of lubricant  

 In this experiment, as a lubricant was used plastic foil to reduce friction between the 

die and the materials. The measured maximum forces for the individual blank diameters 

and bottom breaking forces for blanks of experimental material M1 are shown in Fig. 4. 

The limit blank diameter determined mathematically represents D0max = 162.91 mm. The 

limit drawing ratio in the first draw of the examined sheet has a value of LDR = 0.423. 

 

Figure 4 Forces for cups of inner diameter 69.15 mm for M1 with the use of lubricant 

 The measured maximum forces for the individual blank diameters and bottom bre-

aking forces for samples of experimental material M2 are shown in Fig. 5. The limit blank 

diameter determined mathematically represents D0max = 154.28 mm. The limit drawing ra-

tio in the first draw of the examined sheet has a value of LDR = 0.447. 
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Figure 5 Forces for cups of inner diameter 69.15 mm for M1 with the use of lubricant 

 According to the scale of qualitative evaluation given in Tab. 3., Tab. 5 shows the 

classification of the examined sheets for the inner diameter of 69.15 mm. 

Tab. 4 Material classification to quality scale according to LDR 

Material 
LDR 

(without lubricant) 
Category 

LDR 

(with lubricant) 
Category 

M1 0.437 EDDQ-S 0.423 EDDQ-S 

M2 0.479 EDDQ 0.447 EDDQ-S 

 With the use of a lubricant, the values of the limit drawing ratio of both examined 

materials were improved and the blanks from the M2 material also changed the category 

from EDDQ to EDDQ-S. 

4 Earing evaluation 

 Evaluation of the normal anisotropy ratio was performed according to the standard 

STN 42 0401. Blanks from materials M1 and M2 were evaluated in the directions 0 °, 45 ° 

and 90 ° with respect to the rolling direction. The resulting values of planar anisotropy 

parameter Δr are given in Tab. 6 for M1 and for the material M2 in Tab. 7. Three samples 

were evaluated for each direction. 

Tab. 6 Anisotropic properties for M1 material 

 

 Normal anisotropy ratio has reached the maximum value in the 90° direction and 

the minimim value in the direction of 45° for M1 with respect to the rolling direction of 

the sheet.  

Tab. 7 Anisotropy properties for M2 material 

Direction 

[°] 

r avg. rm Δr 

0° 0.686   

 
Direction [°] r avg. rm Δr 

0° 1.604 

1.732 0.268 45° 1.598 

90° 2.127 
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45° 0.870 0.816 - 0.108 

90° 0.838 

 Normal anisotropy ratio has reached the maximum value in the 45° direction and 

the minimim value in the direction of 0° for M1 with respect to the rolling direction of the 

sheet 

 According to the evaluation scale of sheet quality based on the value normal 

anisotropy ratio given in Tab. 3 qualitative evaluation of the examined sheets is given in 

Tab. 8. 

Tab. 8 Qualitative evaluation of the materials according to the normal anisotropy ratio 

 

 According to the value of ∆r, it is possible to determine the susceptibility of the sheet 

to form earing during deep drawing. Ears are formed in sheet directions in which the 

value of the normal anisotropy ratio r is maximum. If:  

• ∆r >  0 – ears will form in 0° and 90° to the rolling direction 

• ∆r =  0 – ears will not form  

• ∆r <  0 – ears will form in 45° direction to the rolling direction 

 Earing of the cups was evaluated by the ear height expressed as a percentage and by 

mean ear heigh. The values of mean ear heigh were calculated from the relation (1). 

Δ𝐻 =
1

2
(𝐻0 − 2. 𝐻45 + 𝐻90) (1) 

where: H0, H45, H90 – cup height in the direction of 0°, 45° and 90°, with respect to the 

rolling direction 

 

Δ𝑍 =
𝐻𝑚𝑎𝑥 − 𝐻𝑚𝑖𝑛

𝐻𝑚𝑖𝑛
. 100 [%] (2) 

 

Earing test 

 In this test, flat-bottomed cylindrical extracts were drawn from blanks of materials 

M1 and M2 with diameters of 119, 123, 128, 133, 138, and 144 mm in a drawing tool, the 

parameters of which are given in Tab. 4. 

 The height was measured in eight places around the circumference of the cup. In the 

direction of 0° twice, in the direction of 45° four times and in the direction of 90° twice. 

The average values of the ears heights were calculated from the values for the individual 

directions. From these height averages, average values were figured for cups drawn from 

the same diameter of the blank. We calculated the mean ear height ∆H according to (1) 

and the ear height expressed as percentage Z according to (2).  

 
Material Des. rm Quality category 

DC 06BZE75/75PHOL                M1 1.732 EDDQ-S 

TRIP RAK40/70 Z100MBO       M2 0.816 DQ 

The values of the ear height expessed as a percentage were calculated from the relation (2) : 
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 Tab. 9 contains the measured values for deep-drawn cups without the use of lub-

ricant. 

Tab. 9 Measured values for M1  

 Blank diameter  

 [mm] 

H0 

[mm] 

H45 

[mm] 

H90 

[mm] 

ΔH 

[mm] 

Z 

[%] 

D
C

06
-Y

 

(M
1)

 

119 37.3 36.5 37.36 0.805 2.29 

123 41.8 40.83 41.63 0.887 2.38 

128 46.19 45 45.88 1.053 3.69 

133 51.39 50.8 52.33 1.104 3.1 

138 55.08 54.1 55.19 1.149 3.04 

144 61.75 60.7 61.6 1.159 3.80 

R
A

K
40

/7
0 

(M
2)

 

119 34.75 34.6 33.74 -0.311 2.99 

123 38.77 38.29 37.17 -0.312 4.31 

128 42.93 42.3 40.98 -0.317 4.76 

133 46.41 46,8 46.34 -0.435 1.01 

138 51.83 52,9 52.71 -0.625 2.05 

144 58.1 59.5 59.14 -0.856 2.37 

 The DC06 deep-drawn steel cups show ears in the 0° and 90° directions with respect 

to the rolling direction, which is in agreement with the calculated value of the degree of 

planar anisotropy Δry = 0.268. 

 Tab. 10 shows the values of the ∆H and Z with the use of lubricant. 

Tab. 10 Measured values for M2 

 Blank diameter 

[mm] 

H0 

[mm] 

H45 

[mm] 

H90 

[mm] 

ΔH 

[mm] 

Z 

[%] 

D
C

06
-Y

 

(M
1)

 

119 35.78 34.8 35.45 0.815 2.81 

123 39.85 38.76 39.12 0.824 2.91 

128 44.02 42.6 43.16 0.981 3.32 

133 48.87 47.6 48.39 1.024 2.65 

138 54.58 52.8 53.65 1.3 3.34 

144 60.71 58.7 59.81 1.525 3.36 

R
A

K
40

/7
0 

(M
2)

 

119 34.54 34.74 33.91 -0.52 2.45 

123 38.13 38.33 37.51 -0.61 2.19 

128 41.89 42.29 41.22 -0.74 2.59 

133 46.58 46.91 45.34 -0.95 3.47 

138 51.69 52.12 50.70 -0.93 2.80 

144 58.13 58.23 56.45 -0.94 3.15 

 The TRIP steel cups show ears in the directions of 45 ° with respect to the rolling 

direction depending on the blank diameter Δr = - 0.108. This finding is in accordance with 

the negative sign of planar anisotropy Δr. 
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 Dependence of the mean ear height ΔH on the blank diameter for drawing Ø69.15 

mm cylindrical cup - without lubricant and with lubricant is shown in Fig.6. 

 

 

Figure 6 Dependence of mean ear height ΔH on the blank diameter without and with lubrication 

5 Conclusion 

 In this paper, deep-drawability of two types of steel sheets - deep drawing steel DC06 

(M1) and steel with transformation-induced plasticity TRIP RAK40/70 (M2) were evalu-

ated on the basis of a qualitative evaluation scale designed by The International Deep 

Drawing Research Group (IDDRG).  

 The results of the cup test show that both examined materials have a lower limit 

drawing ratio with the use of a lubricant. At the same time, use of the lubricant changed 

the quality category of M2 material from EDDQ to EDDQ-S. Based on the qualitative eva-

luation of the examined materials according to the normal anisotropy ratio we classified 

the material M1 in the category EDDQ-S and the material M2 in the category DQ. 

 The results of the earing test show that the mean ear height ΔH of the deep-drawing 

steel DC06 acquires positive values and the TRIP steel RAK40/70 acquires negative values 

for the cups drawn with or without the use of lubricant. The TRIP steel cups show ears in 

the directions of 45 ° with respect to the rolling direction This finding is in accordance 

with the negative sign of planar anisotropy Δr = -0.108. 

As the diameter of the blank increases, the value of the mean ear height expressed as a 

percentage ΔZ of the DC06 steel cups increases during deep-drawing with or without the 

use of lubricant. The value of the mean ear height expressed as a percentage ΔZ of cups 

made of TRIP steel RAK40/70 increases with diameters of 119 - 128 mm and decreases 

with diameters of 133 - 144 mm when drawing with or without the use of lubricant. We 

consider the increase of the mean ear height ΔH and the mean ear height as a percentage 

ΔZ with increasing diameter as an adverse effect. 
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Abstract: The current trend in the automotive industry in Europe is to reduce harmful emissions 

from the operation of individual road transport while increasing the efficiency of propulsion, re-

gardless of the energy source. This paper describes the design of a passenger car body optimization 

solution in an aerodynamic context to increase drive efficiency. The method by which the research 

is performed is a virtual engineering procedure using CFD simulation. The results describe the com-

plexity of passenger car aerodynamics and point to further steps that may be the subject of further 

research. 

Keywords: car aerodynamics, emissions, aerodynamic optimization, CFD simulation 

 

1. Introduction 

One of the greenhouse gases that contributes to global warming is carbon dioxide, 

which is produced by burning fossil fuels. Individual car transport, which still burns fossil 

fuels to a high degree, has a significant share in the production of these emissions. In 2019, 

the concentration of carbon dioxide in the atmosphere was the highest in the last two mil-

lion years. For this reason, important regulations and goals are approached, which aim to 

increase energy efficiency. The European Union's continued pressure to reduce emissions 

motivates carmakers to innovate to reduce input energy requirements and increase the 

efficiency of energy conversion. 

One of the biggest resistances that cars overcome when moving is air resistance. At 

100 km / h, air resistance represents 75 to 80% of the total running resistance. [1] Therefore, 

great emphasis is placed on reducing the air drag coefficient. 

Aerodynamic optimization of the vehicle is one of the directions that reduces the 

consumption of input energy and prolongs the range of the car. From the point of view of 

a single car, these are small savings, but from the point of view of mass production, we 

can speak of a significant reduction in emissions from the burning of fossil fuels. 

The trend towards aerodynamic optimization is increasingly visible on vehicle bod-

ies. Their geometry adapts to the ideal aerodynamic shape while maintaining the require-

ments of the vehicle concept. Research teams of automotive development centers, as well 

as teams of scientists, are engaged in the research of optimization solutions. 

Kumar et al. [2] performed a comprehensive analysis of the vehicle with aerodynamic 

optimization of the shape of the rear bumper with the air duct at angles from 0 ° to 13 °. 

Huminic, A. et al. [3] dealt with the rear diffuser of the vehicle and additional shapes that 

may affect the flow. The structure of the flow in front of and around the rearview mirror 

of passenger cars was investigated by Kim, J. et al. [4]. Wang J. [5] et al. investigated pas-

sive control of the air flow by means of a blown rear-view mirror of the car. Cheng S.Y. et 

al. [6] verified the effect of a change in the geometry A and C of the vehicle body pillar on 

overall airflow. 
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2. Significant parameters of vehicle aerodynamics 

Aerodynamics is a science that studies the movement of gases, in this case air, and 

its interactions with solid objects, in this case with the automobile. [7] Several forces and 

moments acting on the car while driving are monitored in the assessment and optimiza-

tion of the vehicle's aerodynamics. These resist not only the direction of travel of the ve-

hicles but also cause the car body to tilt and tilt. These are diverse forces and moments - 

for simplicity, plotted in relation to a coordinate system starting at the center of the vehicle 

(Figure 1). 

 

Figure 1. Graphic interpretation of aerodynamic forces and moments acting on the car [1] 

The most significant of the components indicated in Figure 1 is the force acting di-

rectly against the movement of the vehicle 𝐹𝑑 [𝑁]. As Table 1 shows, the dimensionless 

air resistance coefficient 𝑐𝑑  [−], the vehicle speed in 𝑣 [𝑘𝑚. ℎ−1], the density of the flow-

ing medium 𝜌 and the content of the front surface of the vehicle 𝐴 [𝑚2] are included in 

the calculation. At the same time, the aerodynamic drag increases with the square of the 

speed of the moving car. 

The discussed force 𝐹𝑑  has the greatest effect on reducing the energy consumption 

of the vehicle and thus increasing the efficiency of its drive. The other forces and moments 

listed in Tables 1 and 2 affect the other driving characteristics of the car and the behavior 

under non-standard conditions, such as strong crosswinds, will therefore not be discussed 

here. 

Table 1. Aerodynamic forces acting on the car while driving [1]. 

Force specification Relation 

Aerodynamic drag 𝐹𝐷 =
1

2
⋅ 𝐶𝐷 ⋅ 𝜌 ⋅ 𝑣2 ⋅ 𝐴 

Buoyancy lift 𝐹𝐿 =
1

2
⋅ 𝐶𝐿 ⋅ 𝜌 ⋅ 𝑣2 ⋅ 𝐴   

Side force 𝐹𝑌 =
1

2
⋅ 𝐶𝑌 ⋅ 𝜌 ⋅ 𝑣2 ⋅ 𝐴   

Table 2. Aerodynamic moments acting on the car while driving [1]. 

Moment specification Relation 

Moment of yawing 𝑀𝑀 =
1

2
⋅ 𝐶𝑀 ⋅ 𝜌 ⋅ 𝑣2 ⋅ 𝐴 ⋅  𝑙 

Moment of roll 𝑀𝑅 =
1

2
⋅ 𝐶𝑅 ⋅ 𝜌 ⋅ 𝑣2 ⋅ 𝐴 ⋅  𝑙 

Moment of pitching 𝑀𝑁 =
1

2
⋅ 𝐶𝑁 ⋅ 𝜌 ⋅ 𝑣2 ⋅ 𝐴 ⋅  𝑙 

 

When designing vehicles, their front surface is influenced by the requirements for 

body design and vehicle concept. As a result, efforts to reduce the air resistance force 𝐹𝑑 
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focus on reducing the air resistance coefficient 𝑐𝑑. This depends mainly on the shape of 

the body, but also on individual zones and parts such as the chassis, discs, tires, or rear-

view mirrors. Looking at Figure 2, this is one example where it can be shown that two cars 

can have the same value of air resistance coefficient and at the same time a fundamentally 

different physical shape. This is due to the different front surface depending on the ar-

rangement of the vehicle body surfaces and at the same time the optimization of individ-

ual details. The current values of air resistance 𝑐𝑑 of cars range from 0.23 to 0.35 [8]. 

 

Figure 2. Comparison of two cars with the same air coefficient and different body shape. From above 

Opel GT MY 1968 𝑐𝑑 = 0,41, 𝐴 = 1,51 𝑚2 , from below VW Scirocco MY 1974 𝑐𝑑 = 0,41, 𝐴 =
1,73 𝑚2 [1]. 

3. Elements and nodes optimizing vehicle aerodynamics  

In the automotive industry, the geometry and development of special elements that 

can bring further optimization measures are constantly being researched. The partial 

contribution of the resistance reduction measures is very small in terms of numbers, the 

contribution of several such measures in total contributes to the reduction of the vehicle 

air resistance. Figure 3 illustrates several nodes whose geometric adjustment helps to 

reduce the coefficient of air resistance. 

 

Figure 3. Selection of optimization nodes for individual parts of the vehicle body [1]. 
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Due to the small numbers in the aerodynamic optimization, the conversion of the 

coefficient into points is used in practice for simplification, whereby it holds: 

0,001 =  1 𝑝𝑜𝑖𝑛𝑡 (1) 

and the individual optimization nodes and elements contribute to the reduction of the 

resistance 𝑐𝑑  usually by 2 to 10 points [8]. The numerical contributions of individual 

nodes can be explained on specific examples, they are discussed in subchapters 3.1 to 3.3. 

3.1. Aerodynamic measure – air curtain 

The rotating wheels of the car increase the coefficient of air resistance of the car. The 

reduction of the coefficient and the reduction of the wheel interference is achieved by 

using the air curtain element visualized by the CFD simulation in Figure 4. The screen 

reduces the vortices and brings the reflected air flow back to the body. The functionality 

of the screen is achieved by choosing a suitable geometry, i.e. the size, location and angle 

of the inlet, the length of the inner duct and the air outlet system. The air curtain is 

structurally designed as a plastic channel, which is part of the front bumper and fender of 

the vehicle. The estimated benefits of this element are 2 to 3 points depending on the 

overall geometry of the car. 

 

Figure 4. Air curtain as one of the optimization elements [9]. 

3.2 Aerodynamic measure – blown roof spoiler 

The rear vacuum behind the vehicle should be balanced and as small as possible. 

This is aided by active or passive control by means of a roof spoiler on the fifth door of 

the vehicle body. The innovative spoiler shown in Figure 5 with the slit positively affects 

the shape of the flood behind the vehicle. 

 

Figure 5. Top from the top roof spoiler of the fifth body of the Hyundai Ioniq 5 MY 2021 vehicle. 

From below, visualization of the rear vacuum behind the Škoda Octavia SW MY 2019. [9, 10]. 
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The roof spoiler is often a key component in optimizing vehicle aerodynamics. It 

reduces the force 𝐹𝑙, i.e. the lift of the vehicle, improves driving stability by minimizing 

eddy current and reduces flooding behind the vehicle. The estimated benefit of this 

solution is 3 to 5 points, depending on the geometry of the vehicle. 

3.3 Aerodynamic measure – blown C-pillar  

In addition to the roof spoiler, slotted passive air control can also be used in other 

parts of the body. An example of use is the air duct formed in the C-pillar of the Kia Niro 

2022 in Figure 6. As with the spoiler, the slit directs the air behind the vehicle with a 

positive impact on the rear vacuum with a suitable geometric setting.  

 

Figure 6. Production version of the integrated air duct in the vehicle´s C-pillar Kia Niro MY 2022 

[11]. 

4. Design of the optimization element 

 The subject of the article is a description of the proposed optimization of the node in 

the area A of the vehicle pillar. This is where the side effect occurs. The flow in the area of 

the windscreen is schematically shown in Figure 7 and comprises three parts where the 

interruption occurs: 

• In the area between the front hood and the windshield; 

• Above the windshield; 

• On the A-pillars of the body. 

 

Figure 7. The main directions of air flow in the area of the car windshield are shown [5]. 

In the case of the first two disturbing areas, noises or transverse vortices may be gen-

erated. However, they do not have a significant effect on the overall air resistance. Even 

in the case of the area above the windscreen, the edge is perfectly rounded in the current 

concepts of automobiles and there are no separation areas which would influence the flow 

break-off and increase the air resistance coefficient. 

However, in the case of vehicle A-pillars, undesired longitudinal vortex occurs, its 

visualization is shown by the black circles in Figure 8. In this area, the air flows at high 

speed around the column, there is a vacuum in the vortex cores and thus also the contri-

bution of the coefficient of aerodynamic drag of the air. Vortices arising on the A-pillars 
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of the vehicle also result in noises present on the side windows of the car, very close to the 

hearing of the passengers. [1] 

 

Figure 8. The phenomenon of the emerging A-column vortex shown by CFD post-processing is 

shown. [12]. 

These optimizations can eliminate the undesirable phenomena of the emerging vor-

tex: 

• Increasing the angle between the bonnet and the windscreen; 

• Conical shape of the upper part of the car cabin; 

Significant rounding of A-pillars. [1] 

However, as these optimization solutions often undermine the conceptual intent of 

lower-class passenger cars - adverse effects on viewing conditions, interior width and pas-

senger headroom, other optimization options have been tested.. 

For verifying the solution, a Škoda Kodiaq vehicle was selected from the D-SUV cat-

egory. The air resistance of the vehicle before optimization is 0.3171 (2.0 TDI 4x4 140 kW) 

[13]. And the column vortex created on the Škoda Kodiag can contribute to an increase in 

the air resistance coefficient of approximately 2 to 3 points. 

Plastic spoilers above the A-pillar of the body were designed. The inspiration was 

the concept of the fuel-efficient Renault Eolab from 2014. An air duct was created between 

the spoiler and the pillar. The distribution of the flowing air in the area of the vehicle 

windscreen above the body and at the sides of the body is assumed to eliminate the for-

mation of the A-pillar vortex. Due to the fact that each vehicle geometry is unique for aero-

dynamics and no optimization element is universal, an increase in the vehicle's air re-

sistance coefficient is expected first. The aim is to verify the effect of this spoiler on the 

geometry of the D-SUV and to find the most appropriate direction of the solution. 

In the first phase, five variants of spoiler shapes were verified, which were added as 

an additional component to the original body. Their shapes can be seen in Figure 9 (b to 

f) proposed in A-class surfaces in ICEM Surf software. 

 

 

(a) (b) 
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(c) (d) 

  
(e) (f) 

Figure 9. The original condition of the original A-pillar shape of the Škoda Kodiaq MY 2017 (a) and the five proposed A-

pillar spoiler shapes (b, c, d, e, f).  

CFD simulations of the developed spoiler variants above the A-pillars were made 

using of OpenFOAM software tools and the methodology of the CCX computational 

solver. 

 
 

(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 10. Post-processing images - generated visualizations of vortices using ISO surfaces. Variant a - original, variant b, 

c, d, e, f - investigated.  

The results of CFD simulations are shown using images with ISO (isoparametric) 

surfaces, which identify the emerging aerodynamic vortices. In each variant of Figure 10 

(b to f), an attempt can be made to eliminate the A-column vortex. In the case of variants 

b, c, d, the vortex was divided into partial, smaller ones. Variants d, f have a significant 

negative effect because they amplify the formation and size of the resulting vortex, while 

increasing the negative impact of the rearview mirror. Variant e seems to be the most suit-

able in the displayed ISO areas. The air resistance coefficient was expected to increase by 

2 to 9 points.  
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Table 3. Numerical influence of individual spoilers on the total coefficient of air resistance of the vehicle. 

Variant Basic a b c d e f 

𝑐𝑑 0,3171 0,3223 0,3218 0,3231 0,3236 0,3268 

∆𝑐𝑑  - +0,0052 +0,0047 +0,006 +0,0065 +0,0097 

Based on the results from Table 3, it can be concluded that the appropriate direc-

tion of the optimal path is variant b. 

5. Discussion 

The proposed solutions were designed so as not to violate the basic geometry of the 

Škoda Kodiaq vehicle. Neither design changes nor changes in the shape of the original 

components were considered. The achieved results of five different spoiler variants above 

the A-pillars point to the need for further processing - modification of the geometry and 

design changes to reduce the coefficient of air resistance of the vehicle. 

The subject of further research may be the verification of the integrated spoiler and 

the air duct in the original geometry of the vehicle, where the initial front surface is pre-

served and thus the net influence of the duct on the flow around the body can be verified. 

6. Conclusions 

The article verified the impact of the design of the vehicle aerodynamics optimization 

solution on the existing body geometry of the Škoda Kodiaq MY 2017. The achieved re-

sults pointed to the need for a more comprehensive elaboration of the study and the in-

corporation of further research proposals. The research was carried out in cooperation 

with the Škoda Auto Development Center, Mladá Boleslav. 
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Abstract: Currently, additive technologies are a very attractive area for researchers. 

In practice, they are used more and more often due to their good mechanical properties, 

which brings researchers around the world many ideas and research opportunities. Plas-

tics and composites have become an integral part of various industries such as automotive 

production, aircraft production and many more. The advantage of additive technologies 

is the creation of complicated shapes and the creation of complicated and necessary inter-

nal structures to ensure resistance to mechanical loading. The aim of this work is to deter-

mine the Young's modulus and the Poisson's ratio of plastic samples printed on a 3D 

printer. Tensile tests were performed on the tensile machine, and the deformation was 

measured using 3D digital image correlation. 

Keywords: tensile test; 3D DIC; additive technology; plastic samples; polymer. 

 

1. Introduction 

The additive technology of manufacturing of various parts has many advantages 

over the still used methods of plastic injection, mold casting, etc. The main advantage is 

the creation of complicated shapes without creating an often very expensive form. An-

other advantage is the creation of the internal structure of the part, which provides better 

mechanical resistance to loading. Researchers around the world are studying the various 

properties of these products. Studies have shown the role of the internal pattern on the 

mechanical properties leading to the production of the part in a specific pattern to material 

savings and cost reduction [1]. Reviews and researches are being created regarding the 

methodology of testing 3D printed samples and the use of ASTM and ISO standards to 

determine the mechanical properties in tensile, compression, bending tests as well as im-

pact and fatigue tests [2]. The results are compared, e.g. tensile and bending tests and the 

impact on the results due to different techniques for the production of plastic samples. A 

study [3] was conducted, comparing the mechanical properties of laminates with contin-

uous carbon fiber reinforcement printed using a commercially-available 3D printer with 

carbon fiber fabric-resin composites produced using manual layup techniques. The aim 

of this paper is to experimentally determine the Young's modulus of elasticity and the 

Poisson’s ratio of material called Z-ULTRAT. To determine these material constants, a 

tensile test was performed while deformations were measured using 3D digital image 

correlation (3D DIC). 

 

 

 

2. Materials and Methods 
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The tested samples (see Figure 1) made of Z-ULTRAT material were made by 3D 

printer Zortrax M200 with the nozzle diameter of 0.4 mm. The layer thickness was 0.19 

mm and the infill density was 100%. There was used cross hatch patter +/- 45°. Tensile 

tests were performed according to the ČSN ISO 527-4 standard [5]. 

 

 
Figure 1. Sample dimensions. 

The digital image correlation (DIC) method is an optical method to measure strain 

and displacements, using the digital image registration technique [6]. It is an experimental 

contactless method using low-speed or high-speed cameras to measure deformations and 

strains of the samples under various loads including tensile tests or compression tests. 

When measuring is proceeded using one camera it is the planar image correlation (2D 

DIC). The camera must be aimed perpendicular to the surface of the measured object. If 

two cameras are used and positioned stereoscopically it is the spatial image correlation 

(3D DIC). A stochastic black and white pattern must be created on the surface of measured 

object. The used pattern must be dull in nature, because different reflections can cause 

data loss when correlating images [7]. Before the actual measurement take place, it is nec-

essary to calibrate the cameras. The principle of the method is correlation of the images 

taken during loading of the tested sample or the measured object. Based on the set param-

eters, the system creates an evaluation grid and determines image facets at each point of 

the grid. Each facet contains a unique random pattern. During the correlation itself, the 

system evaluates the position of the facets and compares it with the reference one. In this 

way, the system can draw strain fields and displacement fields in post-processing. Istra 

4D software by Dantec Dynamics is used to evaluate the measurements [4]. 

 
Figure 2. (a) Measuring workplace; (b) Ruptured sample. 
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The Dantec Dynamics Q-450 high-speed camera system was used to measure the de-

formation during the tensile tests. The main system features are: 

• Camera sensor CMOS resolution: 1.2 Mpx. 

• Dynamic range: 3140 fps at full sensor resolution. At a reduced resolution up 

to 50,000 fps. 

• Measuring range: mm2 – m2. 

• Measurement sensitivity:  

o Displacements: 1 µm, 

o Strains: 10-4 strain 

The tensile force was measured with force gauge ranging from 0 kN to 4 kN. The 

force data were measured in Volts using a AD converter connected to PC. In postpro-

cessing, the voltage values were multiplied by the conversion coefficient. The processing 

of the measurement results was based on the basic relationships of the mechanics of the 

flexible body. The force values at each time step of the measurement were divided by the 

initial cross-sectional area of the sample, thus obtaining the stress values at each time point 

from the beginning of the loading to the rupture of the sample. The sampling frequency 

of the cameras was set to 50 frames per second. Stress and strain values in axial and trans-

versal direction were used to plot the stress-strain diagram and to calculate the material 

constants. The Young's modulus and Poisson's ratio were determined in the linear area. 

The measurement was performed for two loading speeds (6 and 84 mm/min). 

3. Results 

3.1. Evaluation 

The measurements were evaluated in Istra 4D software. An area was created on the 

sample in which the measurements were evaluated and the correlation itself took place. 

Figure 3a shown the sample before the loading. The strain field of the loaded sample be-

fore the rupture is shown in Figure 3b. 

 

 
Figure 3. (a) Image of the sample at the beginning of the measurement; (b) Strain field of the sample before the rupture. 

Strains were evaluated using a line gauges (virtual line sensors) and calculated ac-

cording to measured displacements on these sensors in transverse and axial direction us-

ing the relation (1): 
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0l

l
= ,          (1) 

where,   is strain, l  is relative elongation and 0l  is reference length of the gauge. 

 

 
Figure 4. (a) Virtual line gauges; (b) Principal strain in y-direction (axial strain); (c) Principal strain in x-direction (transverse strain). 

3.2. Evaluation results 

The dependence between stress and strain can be seen in Figure 5. From the linear 

area from 10 - 30 MPa, the Young's modulus of elasticity was evaluated by linear regres-

sion (see Figure 6). 

 

 

Figure 5. Stress-strain diagram. 
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Figure 6. Linear regression of the linear area of stress-strain diagram. 

The Poisson’s ratio   was evaluated from the same linear area as ratio of transverse 

strain x  to axial strain y  as follows: 

y

x




 = .         (2) 

In Figure 7 is shown Poisson’s ratio during the tensile test in the linear area. 

 

Figure 7. Poisson’s ratio in the linear area. 

The resultant Young’s modulus and Poisson‘s ratio for both load rates are listed in 

Table 1 and Table 2. 
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Table 1. Results of samples loaded at 6 mm/min. 

Sample Young’s Modulus [MPa] Poisson’s ratio [-] 

VZ_01 1270 0.31 

VZ_02 1198 0.3 

VZ_03 1132 0.3 

Average 1200 0.3 

Table 2. Results of samples loaded at 84 mm/min. 

Sample Young’s Modulus [MPa] Poisson’s ratio [-] 

VZ_01 1269 0.3 

VZ_02 1355 0.36 

VZ_03 1345 0.36 

Average 1323 0.34 

4. Discussion 

This paper describes the measurement of Young’s modulus and Poisson’s ratio of 

the plastic samples manufactured by additive technology using 3D printer. The samples 

had 100% infill and were tested at two loading speeds 6 and 84 mm/min. The force needed 

to rupture the samples was in average 1200 N at 6 mm/min loading speed, and 1300 N at 

84 mm/min. Material constants are shown in Table 1 and Table 2. The authors will perform 

measurements on the samples made by the same approach with different internal struc-

ture and percentage infill density. Material properties will be determined by conventional 

methods described in this article. Modal analysis on the plastic plates will also be per-

formed and material properties will be determined by a non-destructive method. The 

methodology of this approach needs to be described what will be the goal of the research. 

The measurement results will be used to create a material model in Abaqus CAE software. 
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Abstract: The aim of this work is a comprehensive methodology of thumb orthosis design using 

modern technologies. The methodology consists in taking the patient's positive using 3D scanning, 

CAD design of a 3D model of the current orthotic device and its preparation for additive production. 

The Artec Eva handheld 3D scanner was used to obtain the 3D positive of the hand, for which an 

individual thumb orthosis was designed in the freely downloadable CAD software Autodesk Mesh-

mixer. Finally, in the PrusaSlicer software, the orthosis model was positioned on the virtual working 

platform of the 3D printer and the printing parameters were set. 

Keywords: thumb orthosis, upper limb, hand 3D scanning, CAD software, additive manufacturing, 

FFF 

 

1. Introduction 

An orthosis, or orthotic device, is a device applied to the body that replaces lost mus-

culoskeletal function or helps restore lost or damaged function, stabilize, or immobilize a 

body part, correct position, prevent deformation, protect against injury, or assist in move-

ment. The modern approach to creating orthotic devices begins with the digitization of 

the human body and its parts to obtain input data from the patient's body for the needs 

of 3D modeling of orthotic devices in CAD (Computer Aided Design) software and sub-

sequent additive manufacturing (AM). [1-20] 

The aim of this article is to design a comprehensive methodology for the design of 

the thumb orthosis using modern approaches and technologies. 

2. Materials and methods 

When creating individual prosthetic and orthotic devices, in the first step it is neces-

sary to obtain the shape of the positive or somatometric data of the subject (lengths, cir-

cuits, etc.). The traditional way of taking measurements with hand gauges and gaining 

the positive of a body segment by plastering will be replaced by an innovative method of 

3D scanning. Using 3D scanning technology, we obtain an exact copy of a body segment 

in the form of a 3D model (scale 1: 1), which is then used to design individual devices. The 

aim is to present the design methodology, so the information about the scanned subject is 

not relevant. 

An Artec Eva handheld 3D scanner (Artec 3D, Luxembourg, Luxembourg) is used to 

obtain positives. The resolution of the device is suitable for use in prosthetics and orthotics 

and the operation of this device is simple and intuitive. The subject is recorded in real time 

in Artec Studio 13 Professional software (Artec 3D, Luxembourg, Luxembourg). The ideal 

distance from the scanner to the subject to obtain a quality scan is approximately 40 cm. 

The scan frequency is adjustable (1 to 16 fps). Because the data will be used to design 

prosthetic devices, it is ideal to scan at the lowest possible frequency (minimum 3 fps) to 

avoid accidental errors during scanning and to reduce the amount of data obtained. Au-

todesk Meshmixer software (Autodesk, Inc., San Rafael, CA, USA) will be used to post-

process 3D scan models and create digital prosthesis and orthosis models. It is a freely 

mailto:branko.stefanovic@tuke.sk
mailto:lucia.bednarcikova@tuke.sk
mailto:lucia.bednarcikova@tuke.sk
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available modeling software in which it is possible to create and edit 3D objects and con-

tains functions suitable for the design of prosthetic and orthotic devices. 

2.1. Arm and forearm 3D scanning 

The arm and forearm of the subject are scanned, with the entire upper limb abducted 

with 30 ° rotation in the shoulder joint and 100 ° flexion in the elbow joint, the thumb in 

opposition to the fingers and wrists at an extension of 10 ° to 20 °, with the elbow resting 

on the table for better support. During scanning, it is important that the axis of the scan-

ning beam falls vertically to the scanned surface. The scanner must be moved 360 ° around 

the forearm, and when scanning the arm, both the dorsal and palmar sides need to be 

emphasized to capture the thumb area in detail. However, it is not necessary for the fin-

gers to be scanned in detail, as their models will not be used (Figure 1). 

 

 

Figure 1. 3D model of the hand and forearm scan. 

2.2. Editing a 3D scan model in Meshmixer software 

 Before any orthosis can be designed for a given segment model, it is necessary to 

check the surface and adjust the model to the ideal shape. In the first step, it is necessary 

to determine the number of triangles of the scan model. Each scan model in STL (Standard 

Triangle Language) format consists of a network of triangles that form the surface of the 

model. The number of triangles affects the surface accuracy of the model. The higher the 

number, the more detailed the model and the higher the file size. The reduction of the 

triangles is set to 95%. This significantly reduces the number of triangles, which also re-

duces the file size and makes working with the model faster and easier. The next step is 

to remove parts of the model that are irrelevant to the design of the device. When design-

ing a thumb orthosis, the area proximal to the wrist is irrelevant and thus can be removed. 

Since the model is used as a basis for the design of the thumb orthosis, it is necessary to 

smooth the thumb area and its MCP (metacarpophalangeal) joint (Figure 2a). After a final 

check of the 3D positive and evaluation that the model is sufficient to design an orthotic 

device, one can proceed to the design of an individual thumb orthosis (Figure 2b). 
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(a) (b) 

Figure 2. (a) Smoothing the thumb area; (b) Final positive for thumb orthosis design. 

2.3. Thumb orthosis design in Meshmixer software 

The design of an individual thumb orthosis consists of three parts: 

• Sketch of the contact surface of the orthosis; 

• Creation of an orthosis shell with offset to the positive surface; 

• Orthosis shell thickness adjustment. 

In the first step, it is necessary to sketch the contact area of the orthosis with its bound-

aries on the 3D positive. The orthosis should encircle the thumb with the area of its MCP 

joint, meaning that its boundaries are drawn transversely across the tip on the distal joint 

of the thumb and proximal around the carpal bone of the thumb (Figure 3a). After sketch-

ing the contact surface of the orthosis, it is necessary to create a gap/offset between the 

model and the positive, which should compensate for the inaccuracy of 3D printing and 

allow easier deployment of the device on the affected body segment. The distance of the 

contact surface of the orthosis from the 3D scan is set to 1 mm. This creates a shell with a 

constant distance from the surface of the 3D positive. The last step is to adjust the shell 

thickness. The thickness is set to 1.5 mm. After the final inspection of the 3D orthosis 

model (Figure 3b) and evaluation that the model is suitable to produce the current device, 

it is necessary to export the model in STL format and it can be imported into the 3D printer 

software. 

 

  

(a) (b) 

Figure 3. (a) Sketch of the contact surface of the thumb orthosis; (b) Final 3D model of a thumb orthosis. 
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3. Results 

Preparation of CAD models for additive production consists in uploading the model 

to software designed to set individual parameters of 3D printing. The choice of software 

depends on the additive production technology used. Since prosthetic and orthotic aids 

are designed for production using FFF (Fused Filament Fabrication) technology, a suitable 

software for setting printing parameters is, for example, the freely downloadable 

PrusaSlicer (Prusa Research, Prague, Czech Republic). 

In the first step, it is necessary to select the software mode, the type of printer used 

to produce the 3D model, the setting of the printing accuracy, the type of filament used to 

produce the object and the fill density of the produced object. After determining these 

basic parameters, it is necessary to import the 3D model into the software interface. After 

importing the model, you need to check and, if necessary, overwrite the print settings in 

the upper horizontal bar of the software. In the Print Settings column, it is possible to 

select preset print parameters of the model in System Presets, or to manually set individ-

ual print parameters (model layers, model fill, model edges, support structures, print 

speed, print settings, cooling, etc.). 

After selecting the preset profiles and defining all the necessary parameters of print-

ing, filament, and printer, it is advisable to correctly position the 3D model of the orthotic 

device. When positioning the thumb orthosis model, it is important to orient the model so 

that the thumb axis is vertical to the printer's working platform (Figure 4a). In this case, 

no support structures will be generated on the inner surface of the orthosis, and due to 

the orientation of the layering, the contact surface will be of better quality (Figure 4b). 

 

  

(a) (b) 

Figure 4. (a) Position of the 3D thumb orthosis model in the 3D printer software interface; (b) Absence of support struc-

tures on the contact surface of the thumb orthosis. 

After setting important production parameters and thorough positioning of the 

model on the virtual platform, it is necessary to export this arrangement to a G-code file, 

which is a file that is supported by desktop 3D printers of the FFF type. It is loaded into 

the printer's memory and production is easily activated on it. 

4. Discussion 

Innovative methods in the hands of experts replace the unpleasant and time-consum-

ing manual acquisition of the positive. The 3D scanning technique is used for data collec-

tion. The data obtained is processed by a computer program that creates a three-dimen-

sional image of the model, where the orthopaedic technician can make corrections to cre-

ate the final positive model. Software tools allow the professional to use a wide range of 
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adjustment tools, including rotation, rotation, scaling, levelling, and adding pressure or 

relief. The creation of digital models also brings other possibilities, such as the analysis of 

possible problems that may arise because of design, material selection and in connection 

with the production process. A general feature of the AM method is that the production 

is not carried out by removing the material as in milling, but by gradually adding material 

which is in the form of powder, granulate or filament in thin layers which are heat-bonded 

to each other. Thanks to AM, it is possible to produce complicated products that cannot 

be produced with everyday technologies, or, due to their complicated design, the financial 

costs of their production would be too high. Other advantages are production without the 

use of moulds and tools and the possibility of production from demanding, high-temper-

ature materials. However, orthoses made using additive technologies require postpro-

cessing, which usually consists of a surface treatment that varies depending on the tech-

nology used and the user's requirements. 

Positioning models on the printer's virtual work platform is very important in terms 

of print efficiency and output quality. Depending on how the model is positioned, a sup-

port structure is generated, and the orientation of the layers is also determined. From this 

point of view, it is important to position the model so that no support structures are cre-

ated on the contact surfaces of the orthosis. The support structures in these places can 

affect the quality of the surface, which can deform the shape of the contact surface and 

thus negatively affect the overall quality of the device. However, the orientation of the 

layering is important in terms of strength and surface quality of the model. Because the 

possibility of fracture between the individual layers must always be considered, it is im-

portant to position the devices so that cracks do not form on the device after random ex-

ternal forces (especially bending). Layering also affects the local surface quality of the 

models. Since the accuracy of the X and Y axes is higher in 3D printing, the surface of the 

model is more accurate on surfaces oriented vertically to the working platform. Therefore, 

it is necessary to position the thumb orthosis model as presented in the results. 

5. Conclusions 

The methodology of design and preparation of the thumb orthosis using modern ap-

proaches was presented. The modern approach to creating an orthotic device is to digitize 

the hand using 3D scanning technology to obtain the positive of the patient's body seg-

ment for the needs of 3D modeling of the orthotic device in freely downloadable CAD 

software and subsequently preparing it for additive production. The procedures given in 

the methodology can also be used in the production of other prosthetic and orthotic aids 

and devices, in the design of new, low-cost prostheses and orthoses, and for educational 

purposes in the field of prosthetics and orthotics. 
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Abstract: Nowadays, there are many reasons for using high-strength steel sheets in car body man-

ufacturing. Car producers choose steel with good formability and the ability to absorb impact en-

ergy. DP (dual-phase) steels satisfy the above requirements. The application of DP steel sheets has 

led to the development of new materials joining techniques. Mechanical joining - clinching, is the 

innovative technique to join these progressive materials. In practice, simulation programs are used 

to optimize the joining processes before the joining process is implemented. One of the most used 

software for simulating the clinching process is Simufact Forming 16.0. Simufact Forming 16.0 soft-

ware was used to simulate the joining of HCT600X+Z steel sheets. Due to the axisymmetric nature 

of the clinching process, the simulation was simplified to a 2D representation. The result of the sim-

ulation was compared with metallographic images after the clinching process. 

Keywords: clinching, Simufact Forming, numerical simulation 

 

1. Introduction 

One of the most important problems in the automotive industry is the safe design, 

lightweight, and enhanced crash response of specific auto-body structures. These objec-

tives lead to the increasing adoption of high-strength steel sheets for specific parts of auto-

body members [1]. DP steels satisfy the above requirements. The dual-phase steels offer a 

combination of high strength and good formability because of their microstructure in 

which the hard martensitic or bainitic phase is dispersed in a ductile ferritic matrix. This 

type of steel is characterized by a good ability to redistribute stress and improve mechan-

ical properties, including yield strength [2-4]. Clinching is an innovative technique to join 

also these progressive materials. The principle of clinching consists of interlocking the 

materials to be joined together using a special punch and a die. At the moment of contact 

of the material and the die, the material flow to the sides and creates a joint. The interlock-

ing creation is necessary for the mechanical joints to carry the load. The active parts of the 

clinching tools are a punch, a die, and a sheet holder. By moving the specially shaped 

punch, the joined steel sheets are drawn into the cavity of the die. The die cavity is spe-

cially shaped so that interlocking occurs between the joined sheets [5-7]. In practice, sim-

ulation programs are used to optimize the joining processes before the joining process is 

implemented. One of the most used software for simulating the clinching process is Simu-

fact Forming 16.0 [8,9]. The paper deals with the simulation of the process of mechanical 

joining - clinching of high-strength dual-phase steel sheets HCT600X+Z. 

2. Materials and Methods 

Used materials 

In the experiment, one type of material was used – dual-phase steel HCT600X+Z. The 

thickness of the tested steel sheet was 1.5 mm. HCT600X+Z steel sheet was hot-dip galva-

nized on both sides. Table 1 shows the basic mechanical properties of the HCT600X+Z. 

The chemical composition of the steel sheets is shown in Table 2. The samples were cut to 
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a size of 40 x 90 mm, with an overlap length of 30 mm – see Figure 1. It was not necessary 

to clean the samples before the process of clinching. Figure 1 shows a test sample accord-

ing to STN 05 1122. 

 
Table 1. Basic mechanical properties of the observed materials 

 

 
 

Table 2. Chemical composition of the observed materials (% wt) 

 

 
 

 
Figure 1. Sample dimensions according to STN 05 1122 

 

 

Metallographic observation 

 

In metallographic observation, the changes in the microstructure of HCT600X+Z ma-

terial were observed. Interlocking, the thickness of the bottom of the joint, the thickness 

of the neck of the joint as well as the defects of the joints formed by the clinching were 

observed too. Microscopic observation was performed by light optical microscopes 

KEYENCE VHX- 5000 – see Figure 2.  

 

 
Figure 2. KEYENCE VHX- 5000 
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Clinching 

 

Clinching is an innovative technique to join progressive materials. The principle of 

clinching consists of interlocking the materials to be joined together using a special 

punch and a die. At the moment of contact of the material and the die, the material flow 

to the sides and creates a joint. The active parts of the clinching tools are a punch, a die, 

and a sheet holder. By moving the specially shaped punch, the joined steel sheets are 

drawn into the cavity of the die. The die cavity is specially shaped so that interlocking 

occurs between the joined sheets. The process of clinching is demonstrated in Figure 3. 

The hydraulic press machine ZD 40 was used for clinching. A punch with a diameter of 

Ø5 mm and a die with a diameter of Ø8 mm were used. The parameters of clinching are 

described in Table 3. 
Table 3. The parameters of clinching 

 

 
 

 

 
Figure 3. The process of clinching 

 

Simufact Forming 16.0 

 

Simufact Forming is a simulation software for users working with the technology of 

forming. Simufact Forming allows for both two-dimensional (axisymmetric and planar) 

and three-dimensional simulations on the same graphical user interface. Different types 

of materials common to forming technology can be simulated. In practice, simulation pro-

grams are used to optimize the joining processes before the joining process is imple-

mented [8,9]. The working environment of the simulation program is shown in figure 4. 

 

 
 

Figure 4. The working environment of the Simufact Forming 16.0 
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The Simufact Forming 16.0 software was used for the optimization of the joining pro-

cess and mathematical representation of the problem of mechanical joining – clinching of 

two dual-phase steel sheets of HCT600X+Z. As part of the optimization of the joining pro-

cess, different values of the punch stroke were compared within the simulations – see 

Figure 5. The optimal mechanical join was obtained at the values of the punch stroke 4mm. 

The task was simplified on a 2D model because the tools and the joint itself are axially 

symmetrical. For this reason, the anisotropy of the joined materials will not be considered 

in the calculation. The basic parameters that had to be defined in the simulation include 

the friction coefficient, the holding force, and the distance of the punch stroke. In the pro-

cess of the simulation, the punch can only be moved in the vertical position, with the 

punch making a vertical downward movement at a punch stroke of 3mm; 3,25mm; 

3,5mm; 3,75mm and 4mm. When applying values above 4 mm, a defect occurs in the joint 

area. The contacts between the tools and joined materials as well as the contacts between 

the joined materials were modeled as frictional contacts. Between tool and sheet was de-

fined special friction coefficient of 0.12 and between sheets was defined special friction 

coefficient of 0.2. The last boundary condition is a special sheet holder force of 100 N that 

acts on the body of the sheet holder to fix the joined materials during the simulation of the 

mechanical joining. At the moment the prescribed distance has been reached, the punch 

performs a backward movement to the starting position while at the same time the force 

of the sheet holder ceases to act. The punch, die and sheet holder were modeled as per-

fectly stiff, known as non-deformable bodies. The joined sheets were modeled as deform-

able bodies. It was subsequently defined the finite element mesh for joined materials 

(dual-phase steel sheets – HCT600X+Z) consisted of 100 elements. 

 

 
 

Figure 5. Influence of punch stroke height on joint formation a) punch stroke distance 3mm 

b) punch stroke distance 3,25mm c) punch stroke distance 3,5mm d) punch stroke distance 

3,75mm e) punch stroke distance 4mm 
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3. Results 

 When applying 3mm; 3.25mm; 3.5mm and 3.75mm values of punch stroke height, 

there was no optimal joint of the sheets in the neck area of the joint (see Fig. 5). The optimal 

mechanical joint was obtained at the values of the punch stroke 4mm. When applying 

values above 4 mm, a defect occurs in the joint area. 

Figure 6 shows the development of plastic deformation during the joining process of 

HCT600X+Z steel sheets in the 3 characteristic steps.  

 

 
Figure 6. development of plastic deformation during the joining process 

 

For better visibility of the presented results, the finite element mesh was used. The 

most critical area during clinching is the sheet metal on the punch side. The maximum 

plastic deformation during the process of clinching is located just in the upper sheet at the 

point where it is excessively thinned. This area is known as the area of the neck of the joint 

and is considered critical in terms of the process of clinching. It is possible to verify simu-

lation to compare to results of a real joining process.  

Figure 7 shows a comparison of the cross-sections between the real joint created by 

clinching (left side) and the joint resulting from the simulation (right side). Based on the 

results, real values of mechanical joining as clinching can be compared with values after 

simulation, such as the thickness of individual sheets or the interlocking between the 

joined sheets (called the "S" shape of the sheets) can be compared. Based on the visual 

comparison of the results, it is possible to state with certain tolerance that the simulation 

results correspond to the result of the actual joining process. 
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Figure 7. Comparison of the cross-sections between the real joint created by clinching (left 

side) and the joint resulting from the simulation (right side) 

5. Conclusions 

The paper presented the simulation of the clinching process. The simulation has been 

simplified into 2D conditions based on the axial symmetry of the entire joining process. 

The results of the simulation of the process of clinching in the form of the representation 

of the plastic deformation in the steel sheets during the individual mechanical joining 

stages were observed. 

 Based on the results of the performed experiments and based on the simulation, it 

can be stated: 

 

• The joints created by clinching are classified as an environmentally friendly 

joining technology, they are less harmful to the environment, especially 

when joining hot-dip galvanized steel sheets. 

• Based on the results, real values of mechanical joining as clinching can be 

compared with values after simulation, such as the thickness of individual 

sheets or the interlocking between the joined sheets (called the "S" shape of 

the sheets) can be compared. 

• Based on the visual cross-section comparison of the results, it is possible to 

state with certain tolerance that the simulation results correspond to the re-

sult of the actual joining process. 

 
Acknowledgments: The author is grateful for the support of experimental works by project VEGA 

1/0259/19 - Research of innovative forming and joining methods to improve the performance of thin-

walled components. 
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Abstract: Dual-fuel mode internal combustion engines need perfect, special conditions to ignite 

mixture of air and fuel without usage of spark plug in the best possible moment which has high 

combustion efficiency. The homogenous conditions of the air-fuel mixture in the cylinder are even 

more demanding. During the lifetime of an internal combustion engines there were developed 

many ignition concepts, but the perfect mixing of fuel and air is essential for the most effective ig-

nition, which is a real technical challenge. The solutions for dual-fuel engines contain the com-

plexity of these problems which leads to the development of ignition systems used in internal 

combustion engines. The text shows basic working principle of this type combustion and con-

struction idea how such an engine could be constructed for testing. However, the usage of du-

al-fuel system in the internal combustion engines needs much more research, testing and solutions 

necessary for its correct operation.          

Keywords: Dual-fuel system; RCCI; homogenous air-fuel mixture 

 

1. Introduction 

The new type of ignition system, RCCI which stands for reactivity controlled com-

pression ignition, has been found mainly to effectively increase burning of biofuels in 

diesel engines with reduced emissions of smoke and improved performance. With lower 

levels of smoke, decreased NO emissions can be reached simultaneously. The operation 

of RCCI is achieved by injecting two fuels with characteristics opposite to each other, 

which means, that one fuel has low reactivity and second fuel has high reactivity. Reac-

tivity stratification is than created inside the combustion chamber by these two types of 

fuel. As low reactivity fuel injected into the combustion chamber can be considered al-

cohols because of their characteristics which are for example lower cetane number, lower 

viscosity, good vaporization characteristics and also higher self-ignition temperature. As 

high reactivity fuel can be considered this which have higher cetane number and lower 

self-ignition temperature, which is injected directly into the chamber near the end of 

combustion stroke, the fuel with low reactivity is pre-mixed with intake air, which can be 

achieved by fitting simple carburetor at the intake manifold and then sucked into the 

cylinder. Instead of carburetor, port or direct injection of alcohols can be implemented 

mainly to avoid problems which can occur during the use of carburetor. 

High reactivity fuel initiates the combustion of low reactivity charge mixture. Oxy-

gen enrichment combined with the RCCI engine is another option for further emission 

reduction and increasing performance. This type of combustion simultaneously reduces 

particulate matter and NOx emission. RCCI mode increases Brake thermal efficiency 

(BTE) from 29.1% to 33.5% but with oxygen enrichment this efficiency value can raise to 
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36.2%. UHC and CO emissions are in the RCCI engine higher, but can be considerably 

reduced at all loads by using oxygen enrichment. In general, high BTE combined with 

very low emissions at all loads can be achieved by combining electric injection RCCI en-

gine and oxygen enrichment.       

 

RCCI mode increased BTE from 29.1% to33.5% and incorporation of oxygen en-

richment further enhanced BTE and efficiency of 36.2% can be achieved. In general, UHC 

and CO emissions are higher in RCCI engine, but oxygen enrichment can decrease these 

emissions considerably at all loads. It is possible to achieve high BTE and very low emis-

sions at all loads by combining RCCI with electronic injection and oxygen enrichment 

[1-4]. 

2. RCCI technical principles 

 The change of combustion chamber and power supply system modifications are 

needed for an operation of the internal combustion engine in RCCI mode. Combustion 

chamber which can enable work of the single fuel, CI engine, will have problems with 

swirl ratio of low reactivity fuel and also hot spots on its surface can occur, which ex-

cludes the possibility of using low reactive fuel with octane number that does not secure 

resistance to spontaneous combustion at the hot surface of the combustion chamber. 

Additional cooling of some elements, which can be excessively heated up during the 

combustion process, is used in this case (e.g. injectors). In the Figure 1, the shape of 

combustion chambers of the RCCI engine are shown (with different compression ratio 

options) in compare to modern CI engines ‘combustion chamber.  

 
Figure 1. Comparison of classic CI piston and RCCI with the combustion chamber inside. 

 The RCCI engine combustion chamber differs from the classical CI diesel engine. 

The air-fuel mixture swirl ratio must be higher; combustion chamber surface can be much 

smaller and overall shape softer. Figure 2 shows cross section of the piston used in stock 

commonly used engine and piston which can be used in RCCI engine.  



Novus Scientia 2022 2  of 7 
 

203 

 

 

Figure 2. Cross-section drawing of modified piston used in RCCI egine (dotted line) and stock 

piston in commonly used engine. 

Injection of high reactivity fuel in RCCI engine differs from classic diesel engine. 

High reactivity fuel injected directly in classic CI engine requires usage of combustion 

chamber which is located in the piston, but thus combustion chamber is designed only 

for one type of fuel. Dual-fuel mode needs different shape of combustion chamber. In the 

entire in-cylinder space over the piston there is low-reactive fuel which means that high 

reactivity fuel is delivered to an area which is already filled. This fact places an issue 

which cannot be solved only by changing injector design alone but the shape of stock 

piston must be custom made. Correct air-fuel mixture swirl ratio is very important to 

ensure right combustion of the charge. As shown in the Figure 2, red edges of the RCCI 

engines ‘combustion chamber represent serious barrier to the correct distribution of the 

injected highly reactive fuel inside the combustion chamber. According to researches, 

modified stock piston into the RCCI piston has proven an increase in the thermal effi-

ciency of an engine. In the Figure 3 comparison of the stock and the RCCI piston is 

shown. 

 
Figure 3. Piston bowl geometry differences in different compresion ratios for the RCCI engine, and 

the conventional diesel engine. 

RCCI engines´ fuel supplying depends on the size of the engine and also on its´ 

construction. In smaller commonly used engines in land vehicles like trucks and cars is 

space of cylinder head limited for usage of more than one injector. In such engines fuel 

supply is installed like shown in the Figure 4, where low reactive fuel is injected by Port 

Fuel Injection method while high reactive fuel can be directly injected into the combus-

tion chamber (cylinder).  
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Figure 4. Ignition and combustion in the RCCI engine.  

That fuel injection technology is commonly used in all engines capacity but the idea 

of the fuel is delivered may differ, but carburetor usage or the gaseous fuel inlet valve in 

the bigger engines are not basically different from each other with well-known technical 

construction [1-4].  

3. Technical solution 

With the suitable research done, construction solution of RCCI engine has been 

done. According to information about amount of injected fuel into the combustion 

chamber, custom piston has been designed. This custom piston used for RCCI mode of 

combustion engine can be seen in the Figure 5. 

 
Figure 5. Custom design of piston for RCCI engine. 

For technical/construction solution was chosen four cylinder, turbocharged internal 

combustion engine in which three cylinders will run in standard, SI (Spark Ignition), 

mode and one cylinder will run in RCCI (Reactivity Controlled Compression Ignition) 

mode. The cylinder in RCCI mode will be naturally aspirated what required modifica-

tions for exhaust manifold and also modifications for exhaust system. Modifications are 

shown in the Figure 6. 
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Figure 6. Exhaust system modifications. 

This engine design includes solution which is used mainly in marine engines where 

intake fresh air is mixed with gases from the combustion chamber which are already 

burned (cooled down by catalytic convertor) and recirculate into the intake manifold, 

controlled by valve, and low reactivity fuel injected just before the entrance into the 

combustion chamber, shown in the Figure 7. 

 
Figure 7. Technical solution of intake air and recirculation of already burned gases. 

Since the one cylinder works in RCCI mode, implementation of second injector was 

needed. First fuel injector, which injects low reactivity fuel, is placed in the intake mani-

fold right before combustion chamber while the second fuel injector is placed in the cyl-

inder head and sprays high reactivity fuel directly into the combustion chamber 

equipped with custom designed RCCI piston. The fueling and custom shaped piston can 

be seen in the Figure 8. 
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Figure 8. Injectors position. 

Whole engine design, with used modification can be seen is in the Figure 9. 

    

 
Figure 9. Design (construction solution) of the complete engine.  

4. Conclusion 

The RCCI engines can be the future for internal combustion engines because of their 

low emissions of NO, CO, UHC and PM. Technical solution of this type of engine has 

been done on the basis of previous researches and analysis done by many authors and 

can be tested in simulation programs which would show if modifications used in this 

work can be implemented into the real engine or further adjustments are needed.    
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Abstract: The article describes the calculation of inverse kinematics of a robotics arm that is 

composed of URM modules. The calculation was realized for a concrete practical example of trajec-

tories. It is based on an already existing solution algorithm, which was supplemented by calculation 

of positions important for the robot's operation. Instructions for possible corrections of trajectories 

in space have been added in order to avoid unsolvable and singular states. The accuracy of the 

calculation was quantified by the difference between the vector of the desired position, orientation, 

and the calculated vector of the desired position, orientation. The calculation and results were pro-

cessed, visualized in the Matlab environment. 

Keywords: inverse kinematics, Matlab, manufacturing technology, Jacobian, robotics 

 

1. Introduction 

The paper describes the inverse task of position kinematics in an open kinematic 

chain applied to a specific case of practical trajectories. It employs an algorithm designed 

and tested for solving the inverse function calculation [1] with an option of using a nu-

merical method. Added has been the part describing the movement from the initial posi-

tion based on a defined vector of joint variables, as well as the part representing the return 

back to the initial position. The robotic arm in question is a stationary one, composed of 

the so-called URM modules, the design of which is described in detail in [2, 3] and in terms 

of position kinematics, in, e.g., [4]. The solution is also applicable to other setups featuring 

this type of mechanism, that is, six rotating joints interconnected with rigid arms bent 

under various angles. A brief mention of important URM module properties are due, 

namely its unrestricted rotation around its own axis, availability of its own power source 

and modularity. Thanks to the last property mentioned, modules can be assembled into 

different types of configurations. These may be various setups, machines with several de-

grees of freedom. Addressing the inverse kinematics of a position means to look for such 

joint variables in a given kinematic chain that satisfy the desired position and the coordi-

nate system orientation of the end effector. All this, naturally, presupposing knowledge 

of the mechanism’s geometry, deeming its structural parts to be, in theory, absolutely 

rigid, or subject to minimal (negligible) strain. As long as the inverse function of depend-

ence between the joint variables and the effector position in the Cartesian coordinate sys-

tem can be solved analytically, it constitutes a great advantage because we arrive at the 

result through inserting the variables [5-7]. Unfortunately, in majority of cases, these equa-

tions cannot be solved analytically. Thus, different types of iterative numerical methods 

are applied, most frequently using the Jacobian [8-11] but also the heuristic approaches. 

What may happen in calculating the inverse function is demanding a position and orien-

tation of the mechanism that is, under the given circumstances, out of question (ill-chosen 

trajectory), or for which more than one solution is available.  
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2. Constructing the trajectory 

As mentioned in the introduction, through calculation, we are about to seek joint 

variables for the required position of the effector orientation of the robotic arm under de-

velopment, with the path trajectory [12, 13] specified in space. In practice, a trajectory may 

represent a technological activity such as welding, milling, paint coating, and the like. 

First of all, it was necessary to choose as easily as possible a method of acquiring an evenly 

distributed set of points comprising the trajectory required. Even if not fast, a precise 

method for doing just that is a simple generation and assembly of individual parts into 

the required shape. To do this, it was necessary to write a custom program for such ren-

dering and to extract an array of data further subjected to inverse calculation applied to 

our robotic arm. The program was expected to enable change in the trajectories’ position 

in space, in their size and spacing. The aim of these requirements was to achieve better 

experimental opportunities. It goes without saying that this data array must have its se-

quence, since the trajectory has to be continuous in terms of the size of the sampling step 

in which the joint variables are modified. Thus, the rendering will consist of partial sec-

tions adjacent to each other in an exact sequence.  

  

(a) (b) 

Figure 1. Output from the trajectory path generation program in the shape of „TUKE“ in 

MATLAB: (a) the size used; (b) illustration of how position in space, letter width constituting the 

trajectory, can be changed. 

Naturally, such trajectory does not suit the inverse calculation of the mechanism’s 

kinematic function. The following adjustments are, therefore, needed.  

The trajectory must be continuous as to prevent sharp changes in joint velocities un-

der the influence of immediate initial conditions in iteration calculation. Should that hap-

pen, the obtained state would be, of course, unsuitable due to various reasons. For exam-

ple, under real conditions, interference with the work zone, where the trajectories are lo-

cated, could occur as a result of different response of drives in time. In practice, this would 

mean damage to both the robot and the product, not to mention safety hazards. Thus, 

a suitable strategy for designing the sequence of individual trajectories is in order.  

 

Figure 2. Sequence of individual trajectories in the 1 to 23 interval for inverse calculation  
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Individual generated points comprising the given trajectories from Figure 2 were 

saved in an Excel sheet as a data file with a prescribed attribute for choosing the proper 

variable, respecting the 1 to 23 sequence. 

3. Calculation of joint variables and inverse kinematics 

An algorithm was constructed to calculate inverse kinematics, tested for different it-

eration methods in [1]. The algorithm was supplemented with the calculation of joint var-

iables between the initial „Home Position - HP“, with each joint rotated by 0° - see, e.g., 

[12], and the „Work Home Position - WHP“, in which the work organ is launched.  I.e., 

if a work organ was on the effector, it would start working at the moment the work home 

position was achieved. Through calculating the joint variables between the given trajec-

tory’s final position and return to the HP, the „Endpoint - EP“ was added, too. This solu-

tion was chosen for its speed and reliability, without the need of falling back on calculat-

ing the inverse kinematics. It entails simultaneous moving of all joints of the mechanism 

(but this can also be sequenced) into the desired position established from the inverse 

function calculation for the position at hand. Thus, in such case it is crucial to know the 

above-mentioned HP, which constitutes the robot’s initial position, and the WHP, where 

the trajectory is now calculated by means of inverse kinematics. This division is necessary 

because it is not possible to reliably address the inverse tasks in the entire work space for 

any trajectory. If the effector traverses the trajectory required, the calculation of the inverse 

task is completed and the immediate value of the joint variables vector for the EP is saved. 

The arm moves from the EP back to the HP. Therefore, the movement from the HP to the 

WHP takes place according to the following equation: 

𝐪 = 𝐭(0; 1). (𝐪WHP − 𝐪HP)+𝐪HP (1) 

Where t(0;1) is the increment (step) vector changing in the range between 0 and 1 for 

all joint variables and t(0;1) will be the increment vector for one joint variable. I6 is the unit 

matrix the size of which is 6 x 6. 

𝐭(0; 1) = 𝑡(0; 1). diag(𝐈6) (2) 

And the movement from the EP to the HP follows the equation below: 

𝐪 = 𝐭(0; 1). (𝐪HP − 𝐪EP)+𝐪EP (3) 

Calculated from the equations (1), (2) will be the individual vector values q of joint varia-

bles. Joint variables vector for the HP is qHP, for the WHP, it is qWHP and for the EP, it is 

qEP.  

   

(a) (b) (c) 

Figure 3. Individual initial positions for the „TUKE“ trajectory in MATLAB: (a) HP – home posi-

tion; (b) WHP – work home position; (c) EP – end position 
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There are different iteration methods, but we chose the one applying the inverse Ja-

cobian due to speed of calculation. Since the trajectory and the parameters were selected 

in a way to avoid singularity, other methods ceased to be necessary. Thus, the iteration 

method used satisfied the following equation:  

𝐪 = 𝐉(𝐪𝐢)
−1. (𝐩d−𝐩(𝐪𝐢)e) + 𝐪𝐢 (4) 

Where J is the Jacobian matrix and it represents a change in the vector function of the 

position vector effector pe depending on the joint variables vector qi. The desired position 

and orientation of the effector vector is pd. The prior value of the joint variable from indi-

vidual iterations is qi. 

3.1. Precision of inverse calculation 

Calculation precision was quantified by the Δ vector as a difference between the de-

sired position vector pd and the calculated value vector pe(q) in cartesian space according 

to the equation below  

𝚫 = 𝐩𝐝 − 𝐩𝐞(𝐪) (5) 

In the full form then 

𝚫 =

[
 
 
 
 
 
 
𝑝𝑑𝑥−𝑝(𝑞)𝑒𝑥

𝑝𝑑𝑦−𝑝(𝑞)𝑒𝑦

𝑝𝑑𝑧−𝑝(𝑞)𝑒𝑧

𝛼𝑑−𝛼(𝑞)𝑒

𝛽𝑑−𝛽(𝑞)𝑒

𝛾𝑑−𝛾(𝑞)𝑒 ]
 
 
 
 
 
 

 (6) 

 

Based on the equation (5) or (6), we can identify an error in the effector’s position in 

cartesian space by using the equation to compute the Δ vector standard, i.e., we can write 

the following 

‖𝚫‖ = √(𝑝𝑑𝑥 − 𝑝(𝑞)𝑒𝑥)
2 + (𝑝𝑑𝑦 − 𝑝(𝑞)𝑒𝑦)

2
+ (𝑝𝑑𝑧 − 𝑝(𝑞)𝑒𝑧)

2 (7) 

Based on the equation (5) or (6), we can identify absolute errors in the effector’s ori-

entation in cartesian space defined by Euler angles as follows 

𝛥𝛼 = |𝛼𝑑 − 𝛼(𝑞)𝑒| (8) 

𝛥𝛽 = |𝛽𝑑 − 𝛽(𝑞)𝑒| (9) 

𝛥𝛾 = |𝛾𝑑 − 𝛾(𝑞)𝑒| (10) 

3.2. Plotting the inverse calculation results  

Equation (7) was used to calculate individual values of error in position with respect 

to the trajectory desired (Figure 2) and plotted on the chart in Figure 4. At the minimal 

admissible error of calculating the joint variables [1] δ=1×10-6, the maximum error in the 

effector’s position was ‖Δ‖=5×10-4 meters. This has to be taken in view of not small di-

mensions of the mechanism (maximum arm reach is slightly over 1.1 meter) see [4]. 
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Figure 4. Position error values ‖Δ‖ for „TUKE“ trajectory in Figure 2. 

According to equations (8), (9), (10), individual values of error in orientation defined 

by Euler angles gradually rotated by γ, β, α were calculated and plotted in the chart of 

Figure 5. At the minimal admissible error in calculating the joint variables [1] δ=1×10-6 the 

maximum error in the Euler angle α of the effector was Δα = 1.3878×10-6 radian. 

 

Figure 5. Orientation error values Δα ,Δβ ,Δγ for the „TUKE“ trajectory from Figure 2. 

The effector follows the trajectory composed of 6 477 points in the time horizon of 

6.477 seconds with the error shown in Figure 4 and Figure 5. The entire rendering of tra-

jectories takes up the area of about (0.5×0.2) square meters. The time needed for calculat-

ing the inverse function for this trajectory under the above-mentioned conditions ranged 

between about 30 to 40 seconds. The calculation can be made more precise by reducing 

the minimal admissible error in joint variables‘ calculation [1] δ. The calculated „TUKE“ 

trajectory and that of the virtual robotic arm’s model was rendered in Matlab/Sim-

scape/Multibody, see Figure 6. 

  

(a) (b) 

Figure 6. Matlab/Simscape/Multibody output: (a) Entire model with the trajectory; (b) Detail. 
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4. Discussion and Summary 

Compared to version [1], the program for calculating the inverse task featured, 

among others, the part accounting for the movement from the HP to the WHP and from 

the EP to the HP, Figure 3. It is necessary to note here that the HP was configured for the 

state of least power consumption, since the system must conserve substantial energy 

when idle due to accumulative use of power. In addition, it was necessary to address the 

possibility of moving all trajectories in space to avoid the unsolvable states and also those 

of singularity. It was exactly due to this modification that enabled (experimental) discov-

ery of such position in the work space under the initial condition of joint variables that 

avoided the undesirable states. Of course, this only holds under certain conditions. For 

example, a small change in the effector’s orientation in space radically changes the situa-

tion. This is also the reason why we are considering an option to identify such imminent 

condition in the robot‘s work space and adjust the requirements accordingly. Last but not 

least, it should be noted that the effector here is represented by the end part of the mech-

anism, thus it is only logical it interferes with the trajectory. That is why the last bend is 

shown as a shell featuring a curved unmoving part described in more detail in, e.g., [2 - 

4]. This part is planned to be fitted with a device, a tool, etc. In this way, the effector will 

constitute a „Tool Center Point – TCP“ [12, 13]. 

The task of this paper was to demonstrate the possibility of such concept to be ap-

plied to a practical requirement despite the assignment being anything but simple in 

terms of addressing it through inverse kinematics.   
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Abstract: Advances in medicine and additive manufacturing have changed the way surgeons use 

patient data for personalized treatment. Polyetheretherketone (PEEK) is currently mentioned more 

and more as a suitable biomaterial in the field of cranioplasty. With the development of additive 

technologies, personalized implants in the field of medicine are appearing more and more often. As 

a result of examining the reliability of personalized implants using additive technology, it becomes 

a necessary effort. In this study, the process of production of cranial implants and their optimization 

was investigated. The results of the study revealed high dimensional accuracy and repeatability of 

the M220 3D printer using FFF technology and showed acceptable morphological similarity in terms 

of contour adaptation and continuity. In conclusion, personalized implants should be tested by sim-

ulating real situations where the implants are subjected to different external forces in different inju-

ries. 

Keywords: additive manufacturing 1; cranioplasty 2; patient specific implant 3; fused filament fab-

rication 

 

1. Introduction 

Cranioplasty is a surgical reconstruction procedure that restores the physiological 

functions of the cranium and restores the structure of cranial defects [1-2]. The goal of cra-

nioplasty is also reconstruction from the point of view of aesthetics, which also improves 

the quality and mental well-being of the patient. Defects in the cranial part of the patient 

can occur with decompressive cranieoctomies, which can lead to cranial infections, head 

injury, or head tumours [3-4]. Currently, great advances in the reconstruction of head de-

fects have been recorded using various CAD / CAM software [5-7] and in parallel using 

various AM technologies. Using AM technologies and CAD / CAM software, it is rela-

tively easy to design and manufacture personalized implants for a patient with a head 

defect, and this opens new possibilities for surgeons. There are already studies in this area 

dealing with the production of biomodels, surgical guides, prosthetic devices [8]. In the 

field of 3D printing, the most used technology is FFF / FDM technology, which is based 

on the extrusion of material usually in the form of a filament. Advances in these technol-

ogies enable the printing of high-temperature thermoplastics, e.g., PEEK, from which mill-

ing implants are commonly made, however, medical-grade PEEK have only recently been 

used [9-10]. As the use of 3D printing increases, questions are being raised about examin-

ing the reliability of the production of personalized implants from PEEK biomaterial [11-
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12]. The aim of this study is to provide a methodology for the design and production pro-

cess of personalized implants using 3D printing. 

2. Methodology 

This study describes the following processes: DICOM data processing in MIMICS 

software, implant production process using 3D printer M220. 

2.1 DICOM data processing in MIMICS / 3-matic 

M220 3D printers using FDM / FFF technology for PEEK material (Apium, Additive 

Technologies GmbH, Karlsruhe, Germany) were used to produce a personalized cranial 

implant. This 3D printer is designed to produce implants used in clean rooms with a con-

stant temperature in the range of 10 - 30 ° C. The personalized implant was made of PEEK 

material with a filament diameter of 1.75 mm (PEEK 4000, Apium, Additive Technologies 

GmbH, Karlsruhe, Germany). To achieve the best 3D printing process, the support under 

the 3D implant model is designed automatically or manually to prevent the implant from 

deviating during 3D printing. The parameters of the 3D printing process can be found in 

Tab. 1 and in Tab. 2. After setting up the process in Simplify3D software (Cincinnati, OH, 

USA) it is necessary to generate a g-code from which the M220 3D printer software can 

read the parameters of the 3D printing process (Apium Print Control, Apium Additive 

Technologies GmbH, Karlsruhe, Germany) Fig. 1. 

 

   

(a) (b)  
 

   

Figure 1. Personalized implant extrusion process: (a) Orientation of the implant in the slicing software; (b) Parameter 

setting and generating a g-code; (c) 3D printed cranial implant. 

 

 

 

 

 

 

 

Tab. 1 Parameters for the Cranial implant printing process. 
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Extruder Infill Layer 

Extruder diameter             

0.4 (mm)     

Internal Fill Pattern     

Rectilinear 

Primary layer height             

0.15 (mm) 

 
External Fill Pattern     

Rectilinear 

Top solid layers           

2 

 
Infill Percentage         

100% 

Bottom solid layers          

2 

 
Angle                     

45°/-45° 

Outline                       

2 

 

Tab. 2 Parameters for the Cranial implant printing process. 

Temperature Support Speed (mm/min) 

Extruder temperature          

485 (°C)      

Support infill percentage             

40 (%) 

Printing speed            

1900 

Airflow temperature 

130-280 (°C) 

Support pillar resolution            

3 (mm) 
 

 

 

The printing process before the final printing consists of the following qual-

ity control steps: (1) filament moisture control; (2) calibration of the plate by 

software and subsequently manually; (3) nozzle diameter calibration before 

separate implant printing. 

To prevent deformation of the implant during printing, automatic raft gen-

eration has been activated and is integrated into the M220 3D printer software 

(Apium Print Control, Apium Additive Technologies GmbH, Karlsruhe, Ger-

many). Subsequently, the printing process was started, and the production of 

the cranial implant was completed. To ensure repeatability, each implant must 

be placed in the middle of the building plate during printing to achieve an even 

heat distribution in the chamber. After extrusion, the implants and the implant 

support are separated from the raft using forceps and a chisel. 

3. Discussion 

Over the years, biomaterial PEEK has proven to be a good choice for the reconstruc-

tion of craniofacial defects [6,13-14], but at present little is known about implants made 

using additive technologies. With the advancement of additive technologies, prospects 

are emerging for personalized implants made of PEEK material manufactured using FDM 

technology [10-11,15]. The current literature on the geometric and morphological charac-

teristics of personalized implants made from additive technologies is. Although few stud-

ies have evaluated the accuracy of cranial defect reconstruction using hospital-made im-

plants, these studies are primarily focused on moulded acrylic prostheses [16-18]. One 

study focused on the quantitative evaluation of dimensional accuracy of personalized im-

plants made using laser sintering technology in terms of print orientation [19]. In a study 

by Berrett et al. [19] stated that the transversely (horizontally) manufactured implants 
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showed the smallest deviation from the planned model. Therefore, due to the working 

principle of FDM technology, cranial implants were personalized in an axial orientation 

with minimal support structures. According to our results, our personalized implants 

have been printed to an acceptable extent in terms of dimensional accuracy for cranio-

plasty reconstruction procedures. In addition, the dimensional accuracy of the FDM tech-

nology indicates that the personalized cranial implants produced using the M220 3D 

printer had high repeatability with minimal deviations. Irregularities noted in the mor-

phological adaptation of the implant to the contact area of the defect can lead to postop-

erative complications. The limitations of the study include simplifying the setup of print-

ing processes. In the future, it would be appropriate to test personalized implants by sim-

ulating real situations where the implants are subjected to different external forces in dif-

ferent injuries. And analyse internal types of fills by non-destructive inspection, which 

would help accurately determine the accuracy of internal structures after printing pro-

cesses. 

5. Conclusions 

In terms of geometric results, personalized cranial implants made using additive 

technology had high dimensional accuracy and repeatability. In addition, these cranial 

implants revealed clinically acceptable morphological adaptation and contour continuity. 

Accordingly, the results of this study are satisfactory with the expectations of the ceramic 

implant manufacturing process, but the specific attributes have room for further improve-

ment. In the future, these personalized implants need to be tested biomechanically to see 

if they have sufficient strength for subsequent clinical use. 

 
Acknowledgment: This article was developed on the basis of support obtained from the projects: 

ITMS2014 +: 313011V358, 01/2020 - 06/2023; ITMS2014 +: 313011W410, 05/2020 - 06/2023; ITMS2014 

+: 313011V455, 11/2019 - 06/2023; STIMULES FOR RESEARCH AND DEVELOPMENT 1233/2018; 

KEGA 041TUKE-4/2019, 01/2019 - 12/2021; VEGA 1/0179/19, 01/2019 - 12/2021 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Aydin S, Kucukyuruk B, Abuzayed B, Aydin S, Sanus GZ. Cranioplasty: Review of materials and techniques. J Neurosci Rural 

Pract 2011; 2:162-7. 

2. Alkhaibary, A.; Alharbi, A.; Alnefaie, N.; Almubarak, A.O.; Aloraidi, A.; Khairy, S. Cranioplasty: A comprehensive review of 

the history, materials, surgical aspects, and complications. World Neurosurg. 2020, 139, 445–452. 

3. Ali Alkhaibary, Ahoud Alharbi, Nada Alnefaie, Abdulaziz Oqalaa Almubarak, Ahmed Aloraidi, Sami Khairy, Cranioplasty: A 

Comprehensive Review of the History, Materials, Surgical Aspects, and Complications, World Neurosurgery, Volume 139, 

2020, Pages 445-452. 

4. Bonda, D.J.; Manjila, S.; Selman, W.R.; Dean, D. The Recent Revolution in the Design and Manufacture of Cranial Implants: 

Modern Advancements and Future Directions. Neurosurgery 2015, 77, 814–824. 

5. Huys, S.E.; Van Gysel, A.; Mommaerts, M.Y.; Vander Sloten, J. Evaluation of Patient-Specific Cranial Implant Design Using 

Finite Element Analysis. World Neurosurg. 2021, 148, 198–204. 

6. Scolozzi, P.; Martinez, A.; Jaques, B. Complex orbito-fronto-temporal reconstruction using computer-designed PEEK implant. 

J. Craniofac. Surg. 2007, 18, 224–228. 

7. Eppley, B.L.; Kilgo, M.; Coleman, J.J., 3rd. Cranial reconstruction with computer-generated hard-tissue replacement patient-

matched implants: Indications, surgical technique, and long-term follow-up. Plast. Reconstr. Surg. 2002, 109, 864–871. 

8. Hoang, D.; Perrault, D.; Stevanovic, M.; Ghiassi, A. Surgical applications of three-dimensional printing: A review of the current 

literature & how to get started. Ann. Transl. Med. 2016, 4, 456. 

9. Han, X.; Sharma, N.; Xu, Z.; Scheideler, L.; Geis-Gerstorfer, J.; Rupp, F.; Thieringer, F.M.; Spintzyk, S. An In Vitro Study of 

Osteoblast Response on Fused-Filament Fabrication 3D Printed PEEK for Dental and Cranio-Maxillofacial Implants. J. Clin. 

Med. 2019, 8, 771. 

10. Dua R, Rashad Z, Spears J, Dunn G, Maxwell M. Applications of 3D-Printed PEEK via Fused Filament Fabrication: A Systematic 

Review. Polymers (Basel). 2021 Nov 22;13(22):4046. 

11. Honigmann P, Sharma N, Okolo B, Popp U, Msallem B, Thieringer FM. Patient-Specific Surgical Implants Made of 3D Printed 

PEEK: Material, Technology, and Scope of Surgical Application. Biomed Res Int. 2018 Mar 19; 2018:4520636. 

Miro
Psací stroj
    4



Novus Scientia 2022 2  of 5 
 

218 

 

12. Sharma, N.; Aghlmandi, S.; Cao, S.; Kunz, C.; Honigmann, P.; Thieringer, F.M. Quality characteristics and clinical relevance of 

in-house 3D-printed customized polyetheretherketone (PEEK) implants for craniofacial reconstruction. J. Clin. Med. 2020, 9, 

2818. 

13. Alasseri, N.; Alasraj, A. Patient-specific implants for maxillofacial defects: Challenges and solutions. Maxillofac. Plast. Reconstr. 

Surg. 2020, 42, 15. 

14. Kurtz, S.M.; Devine, J.N. PEEK biomaterials in trauma, orthopedic, and spinal implants. Biomaterials 2007, 28, 4845–4869. 

15. Nout, E.; Mommaerts, M.Y. Considerations in computer-aided design for inlay cranioplasty: Technical note. Oral Maxillofac. 

Surg. 2018, 22, 65–69. 

16. Chamo, D.; Msallem, B.; Sharma, N.; Aghlmandi, S.; Kunz, C.; Thieringer, F.M. Accuracy Assessment of Molded, Patient-Spe-

cific Polymethylmethacrylate Craniofacial Implants Compared to Their 3D Printed Originals. J. Clin. Med. 2020, 9, 832. 

17. Pijpker, P.A.J.; Wagemakers, M.; Kraeima, J.; Vergeer, R.A.; Kuijlen, J.M.A.; Groen, R.J.M. Three-dimensional printed 

polymethylmethacrylate Casting molds for Posterior Fossa reconstruction in the surgical Treatment of Chiari I Malformation: 

Technical note and Illustrative cases. World Neurosurg. 2019, 129, 148–156. 

18. Stieglitz, L.H.; Gerber, N.; Schmid, T.; Mordasini, P.; Fichtner, J.; Fung, C.; Murek, M.; Weber, S.; Raabe, A.; Beck, J. Intraopera-

tive fabrication of patient-specific moulded implants for skull reconstruction: Single-centre experience of 28 cases. Acta Neuro-

chir. 2014, 156, 793–803. 

19. Berretta, S.; Evans, K.; Ghita, O. Additive manufacture of PEEK cranial implants: Manufacturing considerations versus accuracy 

and mechanical performance. Mater. Des. 2018, 139, 141–152. 

 

 

Miro
Psací stroj
    5



 

 

    

219 

 

Research of sound absorption of recycled rubber in compact 

and loose form 

Kristián Pástor 1*, Miroslav Badida 2  

1 kristian.pastor@tuke.sk 
2 miroslav.badida@tuke.sk 

* Correspondence: kristian.pastor@tuke.sk; Tel.: 055 602 2721 

Abstract: The aim of this paper is to present the results of research into the acoustic properties of 

recycled rubber granules from old tires in two forms, in a compact and in a bulk form. The investi-

gated acoustic parameter was the Sound Absorption Coefficient α. The measurements were per-

formed in an impedance tube in the frequency band 100 - 2500 Hz. The aim of the research was to 

compare the acoustic properties of two forms of recycled material and to evaluate the differences or 

similarity of their properties. 
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1. Introduction 

The acoustic properties of materials are playing an increasingly important role today. 

This is the reason why a number of new acoustically suitable materials with different 

sound-insulating properties appear and develop almost every day. Recycled components 

from automobiles over their lifetime are often used to develop such materials. These ma-

terials are used for passive sound control in the interior design of automobiles, factories, 

workshops, residential buildings, noise barriers, etc., to prevent unwanted noise. The de-

termination of acoustic properties is therefore extremely important [1, 2, 3]. 

End-of-life vehicles represent a range of components (wastes) of different material 

composition that should be further recovered. Attention is focused mainly on problematic 

materials such as tires, car seats, carpets, upholstery, airbags, glass, etc., and on the devel-

opment of technologies and techniques for waste recovery for acoustic, thermal insulation 

and other products [3]. 

 

 

Figure 1. Materials suitable for recycling 
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Research in this area seeks to control and minimize the sounds that occur in ma-

chines, cars, homes and other places. There are a large number of studies and research 

experiments that seek to develop and discover new materials that can be used in various 

acoustic projects. For the analysis of these materials, sound absorption is one of the most 

important physical phenomena [4].  

This paper deals with the analysis of acoustic properties, specifically the sound ab-

sorption coefficient α of recycled rubber from tires. 

2. Sample preparation 

The material studied in this research was recycled rubber from tires after their life-

time in two forms. The first form was a compact recycled rubber (Figure 2) and the second 

was loose recycled rubber (Figure 3). 

 

 

Figure 2. Compact recycled rubber   

 

Figure 3. Loose fraction of recycled rubber 

In order to be able to subject the loose fraction of recycled rubber to measurements 

in the impedance tube, this fraction was loosely poured without being pushed into a meas-

uring capsule designed just to measure the acoustic properties of the loose materials in 

the impedance tube. 

The dimensions of the samples were the same in both cases, namely a diameter of 60 

mm and a thickness of 45 mm. The difference between the samples was their weight. The 

weight of the compact sample was 88.8 g. 
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3. Measurement procedure 

The measurements were performed using an impedance tube in a two-microphone 

configuration using the transfer function method according to ISO 10534-2: 1998. The im-

pedance tube has an advantage over other measuring methods due to its compactness, 

low cost and fast result. The impedance tube requires smaller samples of test material. A 

sound-generating loudspeaker is located on one side of the impedance tube and a sample 

holder is removable at the other end. Microphones are placed between the speaker and 

the sample. There are two, three or four microphone methods, depending on the number 

of microphones used in the measurement [1,2,5]. 

 

 
1 - Sample holder, 2 - Microphones, 3 - Built-in speaker, 4 - Four-channel analyzer, 5 - Power am-

plifier 

Figure 4. Measuring apparatus for measuring the sound absorption coefficient α 

The investigated parameter was the Sound Absorption Coefficient (α), which is a di-

mensionless number ranging from <0.1>. The closer the value of the coefficient is to the 

number 1, the better the sound absorption of the material. An impedance tube in a two-

microphone configuration is used to measure the sound absorption factor of selected 

materials [6]. 

After calibration and connection of microphones according to the measured parameter 

and frequency band, we start the measurement, which is set to 40 seconds. After com-

pleting the measurement, we change the position of the microphones and repeat the 

measurement. We repeat this process 6 times. We will do this for the frequency band 

100-800 Hz and then connect the microphones to the position for measuring the band 

400-2500 Hz and repeat the procedure. The software processes the measured values and 

obtains their resulting values in the frequency band 100 - 2500 Hz. We consider this as 

one measurement and repeat it 5 times. The resulting values are then obtained by aver-

aging these five measurements. 

4. Analysis of results 

The aim of this paper was to investigate the sound absorption of recycled rubber in 

compact and loose form in the frequency band 100 to 2500 Hz. The research results are 

expressed in the graphs in Figure 5 and Figure 6. 

 The results show that both forms of recycled rubber achieve the best sound absorption 

values at higher frequencies from about 800 Hz onwards. At lower frequencies, these 

values decrease. 
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Figure 5. Results of measuring the sound absorption coefficient of compact recycled rubber 

  

Figure 6. Results of measuring the sound absorption coefficient of the recycled rubber - loose 

fraction 

A comparison of the results of the two forms of recycled rubber is also expressed in the 

graph in Figure 7. 

 

  

Figure 7. Comparison of the results of two forms of recycled rubber 
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 Comparing the results of these two molds, we can see the loose form of recycled rub-

ber having comparable sound-absorbing properties as the standard compact mold. In 

addition, it can be seen that at higher frequencies, the loose form has even outperformed 

the compact form with its values. The biggest difference can be seen at a frequency of 

1000Hz and higher. At this frequency (1000 Hz), the compact form reached a sound ab-

sorption coefficient of 0.74 and the loose form up to 0.91. 

These good sound absorption properties can probably be attributed to the higher poros-

ity of the loose sample as the porous materials are less reflective and thus better absorb 

sound. 

 

5. Conclusion 

Based on the results of this research, we can state that the loose form of recycled rubber 

has comparable sound-absorbing properties as the compact form and even achieves bet-

ter values at higher frequencies. Since the frequency spectrum of traffic noise has its 

maximum in the range of 500 to 1500 Hz, the largest noise is caused by the frequency of 

1000 Hz and just at the frequency of 1000 Hz and higher the loose form reaches a higher 

value than compact may be suitable for use in traffic noise control in noise walls. An-

other advantage of the loose mold is its lower weight due to the higher porosity and 

thus the need for less material for a comparable or better result. 
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Abstract: Redundant robots can be used for a wide spectrum of tasks such as inspections or mini-

mally invasive surgeries. Focus will be on a subcategory of redundant robots called continuum ro-

bots. Many different mathematical models exist, however, main groups of models are the lumped 

and distributed parameter models. In this case, it was opted to use lumped parameter model sub-

category called constant curvature assumption. The problem of modelling continuum robot can 

then turn into the mapping problem between the actuation coordinate system (tendon lengths), con-

figuration coordinate system (arc parameters) and task coordinate system (coordinates of the end 

tip of the robot). The kinematic model is further implemented in MATLAB, to study the dependen-

cies of the model parameters and their influence on the robot's movement. It is shown how basic 

actuation strategies are influencing the direction in which the robot travels and the robot’s work-

space is displayed based on the hardware limitation of the prototype. The future work will involve 

adding another segment so that the dexterity and versatility of the robot can be increased. It is also 

planned to use such model for training stages of control algorithm, based on the machine learning 

techniques to improve the dexterity of the robot in a challenging environment. 

Keywords: redundant robots, kinematic modelling, simulation model, workspace 

 

1. Introduction 

Redundant robots are often described as robots with extra degrees of freedom that 

are necessary to accomplish a given task [1]. The extra degrees of freedom are allowing 

robots to have more options for achieving their task and therefore improving robots dex-

terity. One of the subcategories of redundant robots are so-called continuum robots. The 

main trait of such robots is high dexterity and manoeuvrability in various environments. 

These robots are used for various tasks such as industrial inspection tasks but also for 

minimally invasive surgeries (MIS). Many different approaches are focussing on model-

ling the movement of continuum robots, however, they are very much dependent on the 

concrete mechanical structure of the described robots. In [2], the approaches were charac-

terized into two main groups, the distributed parameter models and lumped parameter 

models. The lumped parameter models are working with an assumption that each of the 

segments that are being actuated can be described by one circular arc. In the distributed 

parameter models, the infinite number of parameters describes the robots backbone as an 

arc in the task coordinate system, with continuous function along the length of the back-

bone, via state-space vectors. These models can therefore be geometrically exact and allow 

to obtain all possible shapes for the robot in the simulation and be used for the control 

strategies or designing stages [3]. This also means that the computation time can be higher 

than in the case of the lumped models. The lumped parameter models were extensively 

studied in [4-7]. These models are using assumptions to decrease the number of parame-

ters that are used to define the arc, which can result in less accurate models but are easier 

to compute. One of the lumped models is the pseudo rigid body representation, which is 

dividing the backbone into a number of rigid links connected by springs. The length and 
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stiffness are then dependent on the forces that are acting on the robot and need to be set 

correctly. Such a model, independent of the load was introduced by [8]. Another approach 

used by the lumped models is the constant curvature assumption. Here the robots are 

assumed to be a series of mutually tangent sections, that can be viewed as arcs [9]. This 

approach is using three coordinate systems to map the movement of the robot to the 

lengths of the actuated tendons. Since this approach was used in our kinematic analysis, 

it is further described in section 2. 

This paper focuses on the kinematic analysis of the continuum robot prototype, 

which is driven by three tendons, which are controlling one segment. The proposed math-

ematical model is implemented in MATLAB, hence the influence of the parameters of the 

model can be better studied there as well as their dependencies among each other. The 

paper is structured as follows: 1. Introduction, 2. Kinematic analysis of the continuum 

robot prototype, 3. Simulation of the kinematic model, 4. Conclusion.  

2. Kinematic analysis of continuum robot prototype 

The proposed prototype of the redundant robot can be seen in Figure 1. It consists of 

11 sub-segments that are 10 [mm] high and sit on top of each other. In the centre of these 

sub-segments, a flexible backbone is located, which is keeping all the sub-segments 

aligned. 

 
 

(a) (b) 

Figure 1. Prerequisites for the kinematic analysis: (a) Prototype used for kinematic analysis-11 sub-segments + base seg-

ment, central flexible backbone going through all segments; (b) Task coordinate system-blue line represents the central 

backbone of the robot. ϕ is the angle of rotation of the plane in which the robot bends, θ is the bending angle of the robot, 

r is the radius of the arc formed by the backbone (r=1/κ). 

Each of these sub-segments has three holes that were evenly placed around the centre 

backbone. These holes act as guides for the tendons that are controlling the movement of 

the robot. 

As mentioned in the introduction there are many possible ways to model such a re-

dundant robot, however in this case it was opted to use the constant curvature approach, 

which is convenient due to its simplification. It describes the robot as several curves that 

are interconnected and form the shape of the robot. These curves can be described by the 

arc parameters, which are part of the configuration coordinate system. The problem of 

constant curvature now becomes a mapping problem among three different coordinate 

systems, this can be observed in Figure 2. The actuator coordinate system contains the 

cable lengths that are actuating the robot, the configuration coordinate system contains 

the arc parameters and the task coordinate system contains the Cartesian coordinates of 

the tip of the robot. As seen in Figure 2 the mapping can be done in two directions, one in 
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forward and one in the backward direction labelled with the index -1, meaning the for-

ward or inverse kinematics. 

 

 
Figure 2. Mapping of the coordinate systems 

The mapping from cable lengths to arc parameters is labelled as fspecific , since it is 

highly dependent on the specific design of the robot and its actuation system. The second 

mapping from arc parameters to robot position is labelled as findependent , since this mapping 

is robot independent and can be applied to any robot that can be described by the constant 

curvature model.  

The independent mapping of the robot is describing the robot pose in the Cartesian 

coordinate system in which the robot operates. The pose can be described by the point p, 

at the end of the tip of the robot which is an arc with the radius r, with the coordinates 

p=[r(1-cos(θ)) rsin(θ)]T in the x-z plane and by the angle θ, which is the rotation about the 

y-axis. However, this is only in 2D space, to account for the movement in the 3D space the 

whole plane in which the robot bends has to rotate by the angle ϕ about the z-axis, which 

is shown in equation 1. This equation is called the transformation matrix and can be fur-

ther developed in terms of arc parameters. The arc radius r=1/κ and angle θ=κs, where s 

can be a point along the backbone anywhere from 0 to l. The developed transformation 

matrix can be seen in equation 2. From this equation, the correlation between the X, Y, Z 

coordinates and arc parameters can be observed. Further, the fspecific mapping has to be 

known so that the forward kinematics model can be used to model the movement of the 

robot based on the tendons length. To obtain the fspecific, three functions has to be known. 

The first function is the function of angle ϕ, which is the angle of rotation of the plane 

from the x-axis. This angle specifies the direction of the robot in the 3D space. If the angle 

ϕ is 0, the plane in which the robot bends is the x-z plane, however, if it is not 0 the robot 

moves out of this plane. The angle ϕ can be seen in equation 3. The second one is the arc 

curvature κ of the arc  

𝐓 = [
𝐑𝐳(ϕ) 0

0 1
] [

𝐑𝐲(θ) 𝐩

0 1
] 

 

(1) 

𝐓 =

[
 
 
 
 
 
 cosϕcos 𝜃 −sin ϕ cosϕ sin 𝜃 

cosϕ (1 − cos 𝜃)

𝜅

sinϕ cos𝜃 cosϕ sin ϕ sin 𝜃
sin ϕ (1 − cos 𝜃)

𝜅

−sin 𝜃 0 cos 𝜃
sin 𝜃

𝜅
0 0 0 1 ]

 
 
 
 
 
 

 

 

(2) 
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that is formed by the robots backbone with the arc radius r. This function can be seen in 

equation 4. The third function is the function of the angle θ, which is the bending angle of 

the robot in the plane, which is rotated by the previously described angle ϕ. This function 

can be seen in equation 5.  

3. Simulation of the kinematic model 

To test the proposed kinematic model, computer simulations were carried out. It was 

opted to use MATLAB as the simulation software. To implement the kinematic model of 

the robot into MATLAB, first, the inputs and outputs of the model had to be clarified. The 

inputs to the model in the MATLAB were the tendon lengths L1 L2 L3. These were used to 

calculate the arc parameters ϕ θ κ, which were further used to calculate the transformation 

matrix T. Output of the transformation matrix are the X Y Z coordinates of the end tip of 

the robot. Based on the variation in the tendon lengths, the robot’s pose is changing and 

the robot’s tip is moving. The strategy for the variation in tendon length can vary based 

on the position that is required from the robot to achieve. If only one tendon is being 

shortened and two are being lengthened, it is possible to move the robot in three direc-

tions, which are the direction of the shortening tendons. In Figure 3, it is the red, black 

and light blue coloured directions. 

Another strategy is to shorten two tendons and lengthen one, which yields the same 

results, however the direction in which the robot moves is different, it is rotated by 60 

degrees. In Figure 3, it is the green, dark blue and purple direction. In this figure, 6 differ-

ent directions of the robot movements are shown. Each of these directions is rotated by 60 

𝜙 = tan−1 (
√3(𝑙2 + 𝑙3 − 2𝑙1)

3(𝑙2 − 𝑙3)
) 

 

(3) 

𝜅 = (
2√𝑙1

2 + 𝑙2
2 + 𝑙3

2 − 𝑙1𝑙2 − 𝑙1𝑙3−𝑙2𝑙3
𝑟(𝑙1 + 𝑙2 + 𝑙3)

) (4) 

𝜃 = (
2√𝑙1

2 + 𝑙2
2 + 𝑙3

2 − 𝑙1𝑙2 − 𝑙1𝑙3−𝑙2𝑙3
3𝑟

) (5) 

Figure 3. Robots pose in six directions 
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degrees from the previous one and in each one, there are multiple positions of the robot 

shown, where the previously mentioned strategies are employed. The dotted lines are 

symbolizing the shapes of the robots backbone, the last point being the end tip of the ro-

bot. To position the robot in between these directions two tendons have to be shortened, 

where one is more shortened than the other is. The more shortened tendon is then pulling 

the robot towards its direction, hence allowing it to achieve the positions in between these 

6 initial directions.  

 
Figure 4. Workspace with the bending angle limited to 90 degrees due to hardware constrains 

This can be very well seen in Figure 4. In this figure, the workspace of the robot can be 

seen. Each of the marks that are creating the workspace was generated, by employing the 

previously mentioned actuation strategies. The tendons were winded and unwinded so 

that the whole workspace could be reached. The bending angle θ was also limited to ±90 

degrees due to the hardware limitation of the mechanical design. The resultant shape of 

the workspace is approximately 150 [mm] in diameter and it is showing the points that 

the robot can reach. Due to the hardware limitations, the workspace is not able to be the 

shape of a full sphere, however only cut from the top part of the sphere.             

4. Conclusions 

In this paper, kinematic analysis of a continuum robot prototype was presented, 

based on constant curvature assumption. It was shown, that the modelling of such robots 

can be a mapping problem between the actuator coordinate system and task coordinate 

system. The kinematic model was implemented in MATLAB, so that the relations between 

the actuation parameters, which are the tendons length, can be studied. This can be seen 

in Figures 3 and 4. Here different actuation strategies were observed as well as the work-

space of the robot was defined. It was observed that in order to achieve all the coordinates 

multiple tendons have to be actuated. Two of the tendons have to be winded and one 

unwinded. To achieve the position in between the 6 basic directions, the winding of the 

two tendons have to differ so that the shorter tendon is pulling the robot towards the 

desired point. The future work will involve adding another actuated section of the robot, 

which will increase the robot’s versatility. In addition, the intention of creating a simula-

tion model like this is to use it for the training of a control algorithm based on machine 

learning techniques in order to navigate in complicated environments.  
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Abstract: This work deals with the evaluation of cutting surface quality on the electrical steels. The 

theoretical part of this work contains knowledge related to electrical sheets manufactured by vari-

ous manufacturers. One of the most important parameters of the cutting technology is the cutting 

gap that has got an essential impact on the formation of the cutting surface, on its shape, on the 

layout the strip of the cut and on the strengthening of material. The experimental part of this thesis 

is focused on the measuring of plastic shear zone, one of the main parameters for evaluating the 

quality of a cutting surface. It is characterized as the ratio of the thickness of the shear zone to the 

thickness of the fracture zone. 

Keywords: cutting gap, cutting surface, shear zone, fracture zone, electrical steel 

 

1. Introduction 

Today, the emphasis is on efficiency and optimization in all directions, whether it is 

the cost of individual production operations or the optimization of individual aspects of 

production and technological processes, which ultimately determine the competitiveness 

of products in the market. 

At present, steels with higher strength properties are coming to the market and used 

in the industry, so it is necessary to thoroughly investigate their behavior and use suitable 

tool steels for their processing, machining. Since cutting is one of the most frequently used 

surfaces forming operations, it is necessary to know its principles, regularities and correct 

setting of conditions during the cutting process. 

At a time, when it is generally common trend to expand the use of electric cars on the 

market as much as possible, mainly due to declining stocks of non-renewable energy 

sources, as well as efforts to protect the environment more effectively, research and de-

velopment in this area is extremely relevant. However, a significant part of the research 

in this area is devoted to sources of electricity, respectively development of batteries, 

which are subject to very high requirements. A significantly smaller part of the research 

is focused on improving the efficient use of stored energy, it means to reduce losses of 

electric motors. According to current knowledge, the quality of shear surfaces after cutting 

and assembling rotors and stators also influences the efficient use of stored energy. 

The results of the shear cutting process are changes in the surface of the base material. 

These changes not only affect their geometric properties, but also change the physical, 

chemical and mechanical properties of the surface (microstructural changes, cracks and 

microcracks, microhardness, corrosion resistance, etc.). All these changes are part of the 

concept of surface integrity, which is one of the basic aspects in terms of quality require-

ments, especially in structural elements for stator and rotor cores in electric motors, where 

these requirements are very high due to functionality and reliability. [1-6] 
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2. Materials and Methods 

For the needs of experimental verification of cutting conditions of electrical sheets, 3 

types of electrical steels from different manufacturers were used. The individual sheet 

metal parameters are recorded in the Table 1. 

Table 1. Sheet metal parameters 

 
 

Electrical sheets were characterized (table 2) by a thickness of 0.5 mm, hardness at 

the level of 60 to 80 HRB, density at 7.75 to 7.85 g / cm3, the limit of permanent deformation 

is at the level of 353 to 520 N / mm2, tensile strength 380 to 550 N / mm2 and an elongation 

of 10 to 25%. 

Table 2. Characteristics of materials 

 
 

Characteristics of the product marked as T.K. 037 M660-50K S5H Tökölt: 

Steel marked as M660-50K, 1.0361, non-alloy steel with a density of 7.85 g / cm3. Ma-

terial definition based on EN 10341-2006: Cold rolled electrical sheets, non-alloy and alloy 

steels, without regular grain orientation, supplied in strips and coils in a semi-process 

state. The magnetic properties of this steel depend on the basic requirements of the cus-

tomer, they are usually adjusted by annealing. (44) 

Electric sheets with the designation M660- 50K, are delivered in semi-finished condi-

tion and the manufacturer for Embraco Spišská Nová Ves is the company ThyssenKrupp 

Bochum. [7, 8] 

 

Characteristics of the product marked as V.A. 036 S1S- IS450- 50K HE: 

Steel marked as IS M450-50 K HE is characterized by a shorter final annealing time, 

a homogeneous semi-finished product structure and stable processing at high efficiency. 

Steel is characterized by lower losses and higher magnetizability compared to standard 

steels. [9] 

Electric sheets Isovac M450- 50 K HE are delivered in semi-finished condition and 

the manufacturer for Embraco Spišská Nová Ves is the company VoestAlpine Linz. 

VoestAlpine has a product protected by the ISOVAC® trademark. 

 

Characteristics of the product marked as A.M. 036 S1S M450-50K: 

Steel marked M450-50K, 1.0843, non-alloy steel with a density of 7.75 g / cm3. Mate-

rial definition based on EN 10341-2006: Cold rolled electrical sheets, non-alloy and alloy 

steels, without regular grain orientation, supplied in strips and coils in a semi-process 

state. [10] 

Electric sheets marked as M450-50K are delivered in semi-finished condition and the 

manufacturer for Embraco Spišská Nová Ves is the company Arcelor Mittal.  



Novus Scientia 2022 2  of 6 
 

232 

 

3. Results 

3.1. Mechanical properties 

The mechanical properties of electrical sheets were obtained experimentally and 

compared with the general characteristics of the manufacturers. The mechanical proper-

ties of the electrical sheets were verified by a tensile test on a TIRATES 2300 tearing device. 

The mechanical properties were measured in the rolling direction of the semi-finished 

product - 0 ° and in the direction perpendicular to the rolling direction - 90 °. The table 3 

shows the measured values for M660-50K sheets manufactured by ThyssenKrupp Bo-

chum. 

Table 3. Mechanical properties of steel M660-50K ThyssenKrupp Bochum 

 
 

Based on Embraco's internal designations, the M660-50 K semi-finished product be-

longs to the S5H semi-finished product group. This group is characterized by Rp0.2 values 

in the range of 353-470 MPa and Rm values in the range of 380-490 MPa. 

The average value for the TA samples Rp0.2 was 390.5 MPa and Rm 434.8 MPa. It 

follows from the above that the guaranteed values of the manufacturers for the S5H group 

were also confirmed during the tensile test. 

Based on Embraco's internal designations, the ISOVAC M450-50K semi-finished 

product belongs to the S1S group of semi-finished products. This group is characterized 

by Rp0.2 values in the range of 353-520 MPa and Rm values in the range of 380-550 MPa. 

The average value for the TB sample (Table 4.) Rp0.2 was 407.7 MPa and Rm 478.3 

MPa. It follows from the above that the guaranteed values of the manufacturers for the 

S1S group were also confirmed during the tensile test. 

 

Table 4. Mechanical properties of steel ISOVAC M450- 50K VoestAlpine 

 
Based on Embraco's internal designations, Arcelor Mittal's M450-50K semi-finished 

product belongs to the S1S group of semi-finished products. This group is characterized 

by Rp0.2 values in the range of 353-520 MPa and Rm values in the range of 380-550 MPa. 

The average value for the TC samples (Table 5.) Rp0.2 was 358.6 MPa and the Rm 

396.4 MPa. It follows from the above that the guaranteed values of the manufacturers for 

this steel from the S1S group were also confirmed during the tensile test. 

Table 5. Mechanical properties of steel M450- 50K Arcelor Mittal 
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3.2. Experimental verification of the cutting surface by microscopic analysis 

Experimental verification of the shear area by microscopic analysis was performed 

on a Keyence VHX-5000. 

Figure 1 shows a microscopic analysis of samples (A1-A7, B1-B7 and C1-C7). The 

quality of the cutting surface can be seen on the samples depending on the cutting gap. 

The shear gaps for the purposes of the experiment were chosen at the level of 1,3,5,7% of 

the material thickness. 

 

 
Figure 1. Microscopic analysis of samples A, B and C 

One of the main parameters for evaluating the quality of a cutting surface is its 

"roughness". It is characterized as the ratio of the thickness of the shear zone to the thick-

ness of the fracture zone (Table 6-8). 

It is clear from the macroscopic analysis that the quality of the shear surface is directly 

proportional to the size of the shear gap. As the value of the shear gap increases, the per-

centage of the fracture zone also increases and, conversely, the shear zone decreases. 

 

Table 6. Results of microscopic analysis of samples A 

 
 

The optimal cutting gap for cutting samples from M660-50K material is at the level 

of 1%. This fact also shows (Figure 2.) that the 1% gap is optimal for cutting these electrical 

sheets, as its content structure has the largest share of the shear zone, which in practice 

eliminates short circuits and undesirable processes in the proper operation of electric mo-

tors. 
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Figure 2. Graph of the dependence of the shear zone on shear gap for sample A 

Table 7. Results of microscopic analysis of samples B 

 
 

The ISOVAC M450-50K HE samples (Figure 3.) with a 1% shear gap showed the best 

parameters for the quality of the cutting surface based on the measurement of the micro-

scopic analysis. The shear zone had a thickness of 0.4788 mm and a fracture zone of 0.0212 

mm, i.e. 95.76% and 4.24%, respectively. 

 

 
Figure 3. Graph of the dependence of the shear zone on shear gap for sample B 

 

Table 8. Results of microscopic analysis of samples C 
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As with all other observed samples, in the case of sample C-M450-50K (Figure 4.), the 

1% shear gap showed the best parameters of the plastic shear zone and the fracture zone 

in the ratio 0.4446mm: 0.0554mm, 88.92%: 11.08%. 

 

10  

Figure 4. Graph of the dependence of the shear zone on shear gap for sample C 

5. Conclusions 

The ratio of the shear zone to the fracture zone depends on the size of the shear gap. 

Shear gaps for experimental purposes were chosen at 1%, 3%, 5% and 7% of the material 

thickness. Greater the shear zone is, then better quality of the cutting surface is created. 

These assumptions were confirmed during the experimental verification. The optimal 

(ideal) shear gap was evaluated as 1% shear gap for samples A and B. Sample A was man-

ufactured by ThyssenKrupp Bochum and sample B by VoestAlpine Linz. Sample A has a 

plastic shear thickness of 95.12%, sample B 92.88%. 

The experiments showed that for samples A and B, it is possible to use a shear gap of 

3%, provided that the quality of the cutting area is maintained. Sample A had a shear zone 

thickness of 91.44% and sample B 92.88%. The results of the other samples do not corre-

spond to the sufficient quality of the cutting surface. 
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Abstract: Drones are developing rapidly recently in popularity in amateurly usage. Despite the 

great benefits drones have brought, their noise pollution is one of the concerns with their prolife-

ration. Such a noise is completely new and it is characterized by a specific spectral composition and 

often subjectively felt a high degree of interference. The location of the noise source is also signi-

ficant - tens, sometimes hundreds of meters above the ground, which characterizes aircraft noise. 

This, combined with the ever-increasing intensity, requires extensive research to be carried out in 

this area in order to avoid an increasing noise burden on the population. The presented publication 

proposes a methodology for assessing the impact of drones on humans and performed flight me-

asurements at different speeds. As well sound exposure level values were evaluated and it was 

concluded that the SEL values are significant depending on the distance of the source from the 

measuring point. 

Key words: drone, sound visualization, acoustic camera, noise load, frequency spectrum 

 

1. Intorduction 

In nowadays, drones are increasingly used in various areas of our daily lives. Areas 

of drone use include art, agriculture and road management, energy and communications, 

mapping, terrain scanning, documentary, film and art, safety and environmental pro-

tection, etc. Many unmanned aircraft have become accessible to ordinary users in recent 

years, and their equipment is relatively complex and includes photo and video creation 

equipment, an autopilot system and various intelligent navigation systems that make 

controlling such aircraft quite simple. The use of drones in the near future will ensure 

great savings in materials, energy and human resources. 

However, the use of drones also brings a number of noise problems. According to 

various surveys conducted mostly in the United States and Russia, the disturbing sound 

of drones is one of the most feared problems that drones can cause. In the presented 

work, after the analysis of available methodologies, attention is paid to achieving an im-

provement in the acoustic quality of the environment in which we live, work, and relax. 

The basic goal of the work was to test the methodologies for the assessment of acoustic 

descriptors, and to carry out initial measurements of drone noise in order to assess the 

negative effects of drones on humans. 

2. Laws and regulations in drone area 

The legal framework for the use of drones for private and commercial purposes is 

set out in EU Regulations 2019/947 and 2019/945 [1] [2] (EU Member States and EASA). 

They take into account the weight and technical parameters of the drone and the opera-

tion to be performed. 

Implementing Regulation (EU) 2019/947 regulates the operating rules for drones, 

divides the operation of drones according to type and place of use, and also addresses 

their level of risk. Delegated Regulation (EU) 2019/945 describes the building regulations 

and characteristics of drones in different categories. For the first time, a standard EU 
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drone noise assessment is available in an annex to the delegated regulation in the Open 

Category. 

The new rules ensure that drone operators - whether amateur or professional - cle-

arly understand what is or is not allowed. They will cover all types of operations, from 

those not requiring prior authorization to those involving certified aircraft and operators, 

as well as minimum training requirements for long-haul pilots. It defines three categories 

"open", "specific" and "certified". 

All these measures concern pilots, operators and the drones themselves. For now 

there is no detailed specification of the effects of drones on inhabited areas and hu-

man-inhabitants. As mentioned, Delegated Regulation (EU) 2019/945 only covers the 

standard assessment of drone noise. This is an indication of the guaranteed sound power 

level. This level should be determined according to STN EN ISO 3744: 2010 Acoustics. 

Determination of sound power levels and sound energy levels using sound pressure. 

Manufacturers are required to document the guaranteed sound power level under the CE 

marking. Therefore, further research is needed in this area. 

3. Noise measurements from drone operation 

The basic recommended measuring principles that can be used to assess the acoustic 

quality of drones and which we want to address in the further processing of the topic 

include: 

- sound visualization by acoustic camera, 

- the use of an acoustic compass for the analysis of the directional load of the popu-

lation, 

- sound level meter system, 

- sound intensity measuring device, 

- 3D visualization device. 

To test the measurement principles, classical measurements were performed with a 

sound level meter system and sound visualization with an acoustic camera.  

3.1. Measurements with an acoustic camera 

The primary goal of any localization technique is to accurately analyze and visualize 

the source of the noise, most often directly on a photograph or video of the tested object. 

The sound source is usually represented as a color map, corresponding to the sound 

pressure distribution or also the place with the highest measured amplitude. 

We measured the flight of one quadcopter with an acoustic camera at two speeds – 

high and low. The view of this quadcopter and its characteristics are shown in Figure 1 

and Table 1. 

 

Figure 1. The view of the quadcopter DJI Mavic Mini 

                               Table 1. Characteristics of the quadcopter  DJI Mavic Mini 

Power supply: 2S Li-ion, 2400 mAh 

Propellers: 4,7x2,6x2 

Weight: 249 g 

Shoulder length  107 mm 



Novus Scientia 2022 2  of 6 
 

238 

 

 

The following picture shows a view of a flying quadcopter and a visualization of the 

noise emitted from it. 

 

  

Figure 2. Visualization of the noise emitted from quadcopter 

Figure 3 shows the quadcopter low speed flight spectrogram. From the visualization 

results, we can determine the dominant frequencies that occur at a frequency of 8000 Hz. 

A spectrogram is a visual representation of the frequency spectrum of an audio or 

other signal that changes with time or another variable. The spectrograms are used for a 

more detailed analysis of noise sources in which it is possible to analyze the amount of 

radiated noise depending on time, frequency and location. 

A common format is a graph with two geometric dimensions: one axis represents 

time or RPM (Revolutions per minute), the other axis is frequency. The third dimension 

indicating the amplitude of a particular frequency at a particular time is represented by 

the intensity or color of each point in the image. 

 

 

Figure 3. Spectrogram of a low speed flight of the quadcopter 

Figure 4 shows the low speed flight spectrum of the quadcopter. The sound spectrum in 

acoustics is a combination of all the frequencies of which the evaluated sound is compo-

sed. It can be seen from this spectrum that the dominant frequency is 8000 Hz and that no 

other, resonant frequencies occur. 
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Figure 4. Spectrum of a low speed flight of the quadcopter 

Figure 5 shows the quadcopter high speed flight spectrogram. From the results of 

the visualization we can also determine the dominant frequency at 8000 Hz and several 

other less significant frequencies - 6800Hz and 4000 Hz. These less significant frequency 

components occurred at higher propeller speeds and higher engine loads. 

 

 

Figure 5. Spectrogram of a high speed flight of the quadcopter 

Figure 6 shows the quadcopter high speed flight spectrum. From the above, it can be seen 

that the generated noise is more distributed throughout the spectrum. 

 

 

Figure 6. Spectrum of a high speed flight of the quadcopter 

3.2. Measurements with a sound level meter system 

Figure 7 shows a scene of the measuring points and the arrangement of the measu-

ring devices in the experiment. The measuring microphones were arranged so that we 

could assess the effect of a flying drone on a person who is at ground level (1.5 m above 

ground level) and at several heights (the effect of drones on protected objects at level 2 to 

3 above ground). The deployment and setup of the instruments had the task of analyzing 

acoustic events in terms of time domain. 
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Figure 7. Scene of the measuring points 

During the experiment, 2 sets of measurements were performed. The quadcopter 

flew back and forth at low and high speeds. Figure 8 shows the time record of all six 

measuring points and eight flights - four at low speed and four at high speed. From the 

mentioned time records, the variance of the measurement results at individual flights 

and t  he differences in the measured values at individual measuring points are obvious. 

                         

                 Figure 8. The time record from all measuring points for all quadcopter flights 

Table 2 shows the sound exposure level (SEL) values that characterize the selected 

acoustic events, in our case one flight. In general, the sound exposure level expresses the 

total energy of an acoustic event and is referred to as LAE. We use this quantity mainly in 

cases where the acoustic situation is created by individual separate acoustic events, such 

as vehicle and train crossings, aircraft flights, shooting, loading / unloading of goods and 

the like. 

Table 2. Values of the equivalent sound pressure level of the investigated quadcopter at low and high speed flights 

 

 Low speed, dB High speed, dB 

Measuring 

point 
1 2 3 4 5 6 1 2 3 4 5 6 

LAeq 65,6 65,9 66,7 60,8 62,6 62,1 66,8 67,2 67,4 63,2 63,3 63,8 

 

From the values above, the difference of the sound exposure level values for the in-

dividual measuring points can be clearly seen. Despite the relatively small distances of 

the measuring points from each other (in the order of 1.5 to 4 m), the differences between 

the values are relatively high (usually 2 or more dB). From this finding, it can be 

concluded that the SEL values are significant depending on the distance of the source 

from the measuring point. 
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5. Conclusions 

The measurements that were performed and described in this paper were the first 

step in the design of a methodology for measuring drone noise and its effects on humans. 

In addition to the described measurements when flying through the vertical system of 

microphones, other measurements were performed through the horizontal system of 

microphones, which will be gradually incorporated into the new methodology. 

When evaluating the measurement results with an acoustic camera from the 

spectrogram, significant differences were found. We have determined the dominant 

frequency at 8000 Hz in low and fast speed flights, but in a fast flight case we have noti-

ced several other less significant frequencies - 6800Hz and 4000 Hz. These less significant 

frequency components occurred mainly because of higher engine loads, which means 

that this type of flight needs to be analyzed in more detail. 

The conclusions resulting from the experiment include: 

• drone noise can be characterized by a strong tonal component, 

• amplitude is strongly dependent on flight speed - engine power, 

• The difference between the emitted noise of different drones is significant. 

This experiment is a basic input to the measurement and assessment of drone noise. 

After further elaboration of the issue, a comprehensive methodology will be created, 

which could serve in the process of product (drone) certification. 
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Abstract: Design effort in machine construction is put expenses on a possible minimum. This can be 

done by reducing the weight of the components used in machines. In regard of gearboxes, the bigger 

reduction of weight is possible on gear wheel. Therefore, it is essential to reduce mass from gear 

wheel bodies in any gearboxes, especially in large industrial ones. Reduction of weight and mass 

must be done in a way where mechanical characteristics of gear wheels do not change or change by 

a slight amount. Basic characteristics for gearing are meshing stiffness, stresses located in a structure 

of a gear body and overall lifespan of gearing. This research is aimed at weight reduction in gear 

wheels made by forging. Weight reduction is made possible by changing the structure of gear wheel 

bodies, while preferably retaining the mechanical characteristics. Five different shapes for gear 

wheel bodies are proposed and compared to solid body gear wheel and then compared between 

each other. 

Keywords: spur gear; shapes of body; weight; optimalisation  

 

1. Introduction 

Modern development of machines and means of production is driven by increase in 

performance and also in reduction of the overall mas of these machines and its compo-

nents. Reduction of weight in gearboxes down to minimum can be cause of an increase in 

stress values, which can be a cause of various failures in machine parts [1-3]. Operation 

process of gears can cause malfunctions such as, pitting – formation and expansion, insuf-

ficient gearing stiffness, abrasion of gearing faces and more [4]. Different malfunctions 

group is gear failures, composed of insufficient quality gear material, technology by which 

the gear wheel was made, incorrect heat treatment of a gear, inadequate lubrication or 

improper lubricant, impurity particles in lubricant, badly mounted gears, insufficiently 

designed gear. 

For the gear design, specially for large gear wheels, it is important take into account 

shape of the gear body from construction point of view. Basic principle in such case is to 

reduce the overall weight of the gear wheel body and yet meet the mechanical require-

ments such as stiffness and strength [5, 6]. Construction of lighter gear bodies depends on 

the shape, which finished gear wheel will have, and this shape is dependent on a manu-

facturing process to some degree. Gears can be manufactured as welded structures, by 

casting, by forging or by milling. 

By removal of large quantities of mass, it is possible to increase vibrations of such 

gearbox. This is mainly caused by underdimensioned structure of gear body, where 

stresses are more concentrated and bigger. This makes the gear wheel to deform much 

more which conditions the vibrations to increase due to higher amplitudes. Unaddressed 

vibrations can cause a transmission error [7 - 9]. All this leads to higher noise emissions 

and have a detrimental effect on gearing service life.  
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2. Materials and Methods 

There are various design types of gears. Gearing has normalized shape and therefore 

it is very important to retain this shape, but at the same time the body of the gear wheel is 

open to structural changes [10]. Change in the structure of the gear wheel is performed 

with the aim to reduce its overall weight. These changes should have no or minimal im-

pact on physical characteristics of the whole gear wheel in a negative way [11]. The weight 

reduction is performed by removing the excess material from the gear wheel body. Re-

moval of excess material yields not only the lighter gear wheel, but also cheaper manu-

facturing, easier maintenance, and better manipulation. Downsides which may occur with 

such changes can have a detrimental impact on correct meshing, stiffness of the gearing 

or noise [12]. 

This work is focused on a shape of gear wheel bodies, which have modified bodies. 

Such gears can be forged, cast, or welded. The shapes of the gear bodies are dependent on 

several factors. Factors may be the material used for the wheel, size of such wheel and use 

of the wheel 

2.1 Body Shape of Forged Spur Gears 

Forging in gear wheel production is mainly used to create semi-finished products. 

Later these semi-finished products are machined into a final shape. Methods for forged 

gear wheel manufacture involve open-die forging or impression-die drop forging. As 

stated above, the excess material is around the area where gearing profile will be at fin-

ished gear wheel. 

 

 

Figure 1. Scheme of a forged gear wheel body. 

Equations given for the given forged wheel (Figure 1) are:  

Shaft diameter   

0.32 ,d a=   (1) 

Hub diameter    

1
1.6 ,d d=   (2) 

a is axis distance 
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Inner rim diameter   

2
10 ,

h
d d m= −   (3) 

m is modulus 

Pitch diameter of relieve holes 

( )3 2 1
0.5 ,d d d=  +  (4) 

Holes diameter   

( )4 2 1
0.25 ,d d d=  −  (5) 

Plate width  

0.32 ,c b=   (6) 

Gearing chamfer   

0.5 ,n m=   (7) 

m is modulus 

Radius   

5 10 .r mm= −  (8) 

3. Results 

The analyzed gear wheels have the same input parameters such as number of teeth, 

modulus, number of relieve holes (if any), shaft diameter and width of the gearing. All 

gear wheel body shapes are listed in Table 1 with short description of shape.  

Gear wheel A is used as a reference wheel for the first analysis. This wheel has solid 

body without any structural changes, therefore it will be the heaviest one. All other shapes 

are then compared weightwise. Gear wheel B and C are made with relieve holes and a 

symmetrical relieve grooves. Number of relieve holes as well as the diameters are the 

same for both gear wheels. The rim thickness is the same as well, but the difference is in 

web thickness. Wheel C is thicker than wheel B so presumably it will be heavier, but it can 

yield better mechanical characteristics. Gear wheels D, E and F are made without relieve 

holes, only with a symmetrical relieve grooves. The web thickness is the same for all three 

wheels. Difference between these wheels is in a rim thickness, where wheel D has “nor-

mal” thickness, wheel E has its rim thickness drastically inflated and wheel F has its thick-

ness drastically decreased.  

Table 1. Table of gear wheel shapes with short description. 

Title 1 Shape  Weight (kg) Description 

 

A 8.986  
Solid body gear wheel 

without any relieves 
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B 5.132  

Web thickness is 15 mm 

with 13 relieve holes, the 

rim thickness is 9 mm 

 

C 6.628 

Rim thickness and num-

ber of relieve holes is 

same as for shape B, the 

web thickness is 35 mm 

 

D 6.647 

Shape is without any re-

lieve holes, web thick-

ness is 15 mm, rim thick-

ness is 18mm 

 

E 7.623 

Web thickness is same as 

for shape D, rim thick-

ness is 27 mm 

 

F 4.921 

Web thickness is same as 

for shape D, rim thick-

ness is 4.5 mm 

The comparisons were made of each proposed shape to shape A. Data from Table 1 

is processed in Table 2. Table 2 data is divided to 2 columns, where first column is weight 

difference of given shape to shape A in kilograms, the second column is this difference 

expressed as percentage. 

Table 2. Weight comparison to A shape gear wheel. 

Compared to Weight difference (kg) Difference (%) 

B 3.854 42.89% 

C 2.358 26.24% 

D 2.339 26.03% 

E 1.363 15.17% 

F 4.065 45.24% 

The graphical interpretation of Table 2 can be seen on Figure 2. 
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Figure 2. Graphical interpretation of weight reduction 

Also, the comparison between shapes with relieve holes and shapes without them 

was made (Table 3). In Table 3 the A shape was no longer compared due to Table 2. 

Table 3. Weight comparison to B and C shape gear wheel. 

Shape 
Difference compared to B 

(%) 

Difference compared to C 

(%) 

D 22.79% 0.29% 

E 32.68% 13,05% 

F -4.29% -34.69% 

4. Discussion 

From the Table 2 it is that the weight reduction was 42.89% for the shape B and 

26.24% for the shape C. Shape C is obviously heavier given the thicker web dimension. 

The group without relieve holes had similar or even slightly better results. The Shape D 

had thicker rim but thinner web than shape C, yet the percentage difference for shape D 

to shape A was 26.03%, which almost on pair with shape C. Shape E had the lowest weight 

reduction from all shapes and it was 15.17%. This is a result of a much thicker rim dimen-

sion, the largest from all compared shapes. Shape F on other hand achieved the best result 

of 45.24%. Caused by the fact that this shape had the thinnest rim from all of the compared 

shapes. Also, the weight reduction for shape F and B are almost identical, the difference 

between these two is only 2.35%. It must be noted that the rim thickness for shape F was 

reduced beyond recommended value, which may lead to some unwanted mechanical 

changes i.e., bending of the rim, worsened meshing conditions or worse gearing stiffness. 

Shapes were then compared in Table 3, where shapes with holes were compared to 

the shapes without relieve holes, which was done in a weight reduction way by percent-

age. Shape D and C have almost no difference weightwise, so the only difference in appli-

cation of which shape should be used is on the manufacturing capabilities, given both 

should have good mechanical characteristics for meshing and stiffness of the gearing. 

Shape B had its weight reduced by almost ¼ compared to shape D and 1/3 compared to 

shape E. This shape had second best overall reduction surpassed by shape F. Shape B is 

also 4.29% heavier than shape F, but as stated above, F variant can be prone to failures. 

This research dealt only with weight reductions. The next aim will be to compare the 

weight loss to the stiffness of the gear wheel and gearing. How the shape influences the 

mechanical characteristics such as meshing stiffness. How and where it is appropriate to 

use these shapes. 

42,89%

26,24% 26,03%

15,17%

45,24%
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Abstract: Industry and industrial areas are often found near human dwellings. One of the negative 

effects of the industry is the immission of noise emitted into the surrounding environment. As the 

concentration of the human population increases and industrial production increases, more and 

more people are exposed to the negative effects of noise. The contribution focuses on research into 

acoustic conditions around the wastewater treatment plant. The acoustic situation was mapped di-

rectly in the industrial plant and in the immediate vicinity, i.e. in adjacent villages. An important 

part of the research was the identification of dominant noise sources. An important step was the 

design of a technical solution to reduce the noise of the critical noise sources. Subsequently, a math-

ematical model was created – noise maps of the nearest surroundings of the wastewater treatment 

plant. Noise maps present acoustic conditions before and after the implementation of technical 

measures. Research has shown that the proposed measures were effective and highly effective. 

Keywords: noise; emissions; immissions; environment; 

 

1. Introduction 

The WHO (World Health Organisation) [5] findings on environmental noise can be 

identified as a significant problem affecting negative health, but also the well-being of 

millions of the population in Europe. Environmental noise generated from transport, in-

dustrial production, etc. affects millions of people and has a significant impact on public 

health [3]. One in five people in Europe is exposed to environmental noise [5]. The fact 

that noise has serious negative impacts on human health and the fact that there is currently 

a large number of populations affected by environmental noise evokes considerable con-

cern for many people. The authors of the paper focused their attention on the noise re-

search generated by the technological equipment. Specifically, it is a wastewater treatment 

plant produced from pulp and paper production technology.   

2. Characteristics of the waste water treatment plant 

The wastewater treatment plant is part of a company that is oriented to the produc-

tion of graphic and packaging paper. Production is carried out on 4 paper machines. Pro-

duction is produced about 600,000 t/year of graphic and wrapping paper and production 

of about 300,000 t/year of recycled cardboard (corrugated) paper is starting. the 

wastewater treatment plant cleans up to 90% of the wastewater from the technological 

process of pulp and paper production. The treatment plant is also used for wastewater 

treatment from the urban agglomeration. The technological cleaning process itself consists 

of: 

• mechanical degree of cleaning (edging, settling), 
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• biological degree of purification (biological oxidation, assimilation into biomass, 

active sludge), 

• sludge management (thickening, drainage and sanitation of sludge). 

 

 

Figure 1. shows the individual technological parts of the wastewater treatment plant. 

 

 
 

Figure 1. Technological parts of the plant 

 

The individual steps of the analysis of the current state of acoustic situation in the 

area of interest and the area itself are presented in Figure 2. 

 

 

Figure 2. Procedure for the analysis carried out 

 

3. Measurement of sound emissions from stationary sources 

The aim of the measurements made was to determine the equivalent levels (EL) and 

the sound pressure of the stationary sound sources identified. These sound sources are 

presented in detail at work [3]. Measurements were carried out by soundprom meter 

NOR-140, microphones NOR-1225, calibrator NORSONIC NOR-1251 and measuring de-

vice TESTO 400 were used. 

A pipe for air distribution to individual activation tanks has been designated as a 

critical sound source (Figure 3.). 
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 Figure 3. Critical component of the plant 

 

4. Technical solution for reducing noise emissions (immissories) 

In the following section of the paper, the authors focused on a technical solution to 

reduce noise emissions of a designated critical sound source - the air distribution pipe. 

The basic technical parameters of the critical audio source are listed in the Table 1. 

 

Table 1. Technical parameters 

P.No. Parameter Value 

1. Pipe length approx. 70 m 

2. Air pressure 60 to 63 kPa 

3. Airflow 62,000 to 64,000 m3/hour 

4. Air temperature before insulation approx. 30 °C 

 

The proposed technical solution for reducing the noise of a critical sound source is 

given in Figure 4. 

 

 
 

Figure 4. Technical solution to the problem 

 

5. Verification of the effectiveness of the proposed technical solution 

In order to verify the effectiveness (efficiency) of the proposed and subsequently im-

plemented technical solution, measurements of sound (noise) have been carried out at 

identical locations in the dry cleaners' site and in its surroundings [3]. 
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The resulting equivalent levels (EL) and sound pressure - stationary sources (before 

and after treatment) are given in Table 2. 

Noise emission measurements in the immediate vicinity of the wastewater treatment 

plant were carried out at two measuring points – 24-hour measurements (the village of 

Hrboltová and Černová). The results of the measurements are presented in the work [3]. 

 

Table 2. Resulting equivalent values (EL) A and sound pressure (comparison) 

 

6. Noise map - dissemination of noise immission 

For the purpose of creating an idea of the spread of noise immissions in the immedi-

ate vicinity of the wastewater treatment plant, the following tables present EL A sound 

pressure values, namely in Table 3. (before adjustments) and Table 4. (after adjustments) 

at the points (calculation) to be established. 

 

Table 3. Calculation of the LAeq value (calculation points of the territory in question (before 

adjustments)) 

 
 

Figure 5. shows the calculation points. The output of mathematical modelling of 

noise conditions around the waste water treatment plant is the noise maps shown in Fig-

ure 6. and Figure 7. 
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Table 4. Calculation values of LAeq (calculation points of interest territory (after adjust-

ments)) 

 
 

 
Figure 5. Calculation points 

 

 
Figure 6. Noise map (mathematical model) - surroundings of the treatment plant (before 

modification) 
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Figure 7. Noise map (mathematical model) - surroundings of the treatment plant (after 

modifications) 

7. Conclusion 

The authors of the paper focused on research into noise conditions around the 

wastewater treatment plant. They mapped the status quo, pinched the critical sources of 

the technology used, and devised a technical solution to reduce noise emissions at the 

sound source. The measurements carried out subsequently demonstrated the effective-

ness (efficiency) of the proposed technical solution. 
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Abstract: This article is about issue of hydrogen storage in the structure of metallic alloy based on 

elements La Ce Ni and addresses the design of a heat transfer intensifier in a low-pressure vessel, 

which is made from steel, and which is used for hydrogen storage. 
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1. Introduction 

Design and construction of low pressurised storage vessel must be based on standard 

STN EN 13322-2. The name of this In the face of global warming, efforts have intensified 

to discover, explore, and implement various new alternative sources of energy. Various 

states and their politic movements around the world are currently working to raise aware-

ness about renewable sources of energy. In this context, hydrogen is considered as good 

candidate mainly because of its high thermal conductivity and prosperous effects on sur-

rounding environment. Hydrogen however is not source of energy, but energy carrier. In 

this case suitable energy storage mechanism is required. There are multiple ways of storing 

hydrogen and those are: high pressurised storage, liquid cryogenic storage, and low pres-

surised storage in structure of metallic alloys. Low pressurised storage vessels for storing 

hydrogen are currently in development. The main disadvantage of low pressurised storage 

of hydrogen is the need of cooling the alloy while absorbing and heating the alloy while 

desorption of hydrogen. In this article low pressure vessel is considered. 

2. Design of low pressurized storage vessel for hydrogen 

Design and construction of low pressurised storage vessel must be based on stand-

ard STN EN 13322-2. The name of this standard is Pressure vessels for gas transport, de-

sign, and manufacture of refillable steel pressure cylinders. The vessel design consists of 

a primary vessel and a casing for coolant as shown on Figure 1. 

TABLE 1. Mechanical properties of alloy 1.4306 

0.2% Re 

(MPa) 

Rm  

(MPa) 

ρ  

(kg∙m-3) 
µ 

E  

(MPa) 

 200 500-700 8000 0.3 2.1∙105 

 

 

Where: Re-yield strength, Rm-failure strength, ρ-density, µ-Poisson’s number a E- Young 

modulus of elasticity. 
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Figure 1 Design of low pressurised storage vessel 

 

3. Design of internal heat intensifier for low pressurized vessel 

The main task is to make a design of an internal heat intensifier for low pressurised 

storage vessel to improve heat transfer when filling a pressure vessel with hydrogen. The 

geometric design of internal transfer intensifier has five primary lamellas and ten second-

ary lamellas which are connected to primary lamellas. These lamellas altogether are con-

nected in circular cross-section, which replicates diameter of low pressurised storage ves-

sel. This geometrical element in storage vessel should increase the heat transfer area at the 

walls. The gap between the walls of primary vessel and internal heat intensifier is 1 mm. 

The internal heat transfer intensifier is shown on Figure 2. 

 
Figure 2. Design of internal heat intensifier 

4. Simulation setting for internal heat intensifier 

Internal heat intensifier with the main and ten secondary lamellas will be considered 

as shown on Figure 2. First thing to do in this simulation is to create simulation model in 

CAT program or within Ansys Workbench program. Simulation model consists of 4 parts 

which are: primary steel vessel, internal heat intensifier and metal hydride. After import-

ing a model into Ansys CFX program it is necessary to create a mesh for each individual 

part as it is shown on Figure 3. Next part of simulation is to define all boundary conditions 

that will affect the simulation. One of the boundary conditions is that vessel is cooled by 

water on outer surface and the temperature of water is approximately 20°C. Flow of water 

is also considered as one of the boundary conditions and in this case the water flow is at 

speed of 0.3m·s-1. Heat transfer coefficient between the pressure vessel and water was also 

calculated to simplify the simulation which is used as another boundary condition in sim-

ulation. Subsequently, a metal hydride alloy based on elements of La Ce Ni elements was 

defined and has these properties:  
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• Molar weight: 62,55 kg· kmol-1, 

• density: 3250 kg· m3, 

• Specific heat capacity: 430 J.kg-1· K-1,  

• Thermal conductivity: 1 W.m-1· K-1. 

In this simulation a filling time of 1200 s is considered. 

 

Figure 3. Mesh of the simulation model 

TABLE 2. Simulation parameters 

Metal hydride volume 15 698 mm3 

Mass of metal hydride 51,0185 ∙ 10−3 kg 

Mass of stored hydrogen 7,295 ∙ 10−4kg, 

Volume of hydrogen 8,117 ⋅ 10-3 m3 

Generated heat 8 198,26 J 

Internal generated heat 6,8318 W 

Intensity of internal heat 

source 
435,2 kW ∙ m−3 

Figure 4 shows all defined domains and boundary conditions in simulation program. 
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Figure 4. Boundary conditions of simulation model 

 

5. Results of simulation 

The generated temperature field in cross-section of the pressure vessel is visualised 

in Figure 5 where maximum temperatures after 1200 s is 89.53 °C. The warmest places are 

located exactly in the area between secondary lamellas as can be observed from Figure 5. 

Generated heat is very well removed from the centre of the vessel.  

 
Figure 5. Generated temperature field in cross-section of pressure vessel 

 

 

Figure 6 visualises minimum and maximum temperatures and temperature differ-

ence ∆𝑇. In the last 200 seconds of simulation, maximum temperature curve is stabilised. 

Minimum temperature curve does not change from the middle of the simulation and re-

mains on same value until the end.  

Metal hydride 

Wall of primary 

pressure vessel 

Internal heat 

intensifier 
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Figure 6. Coarse of minimum and maximum temperature curves and coarse of ∆T 

 

 
Figure 7. Heat dissipation by cooling 

 

Figure 7 visualises heat dissipation from pressure vessel around the circumference 

of the steel shell. The highest values of heat dissipation are in places where either primary 

or secondary lamellas are located. 

 

 
Figure 8. Cooling capacity over time 

     Figure 8 visualises the performance of pressure vessel when cooling during hydro-

gen filling. Maximum value reaches at 6.81W per 1mm model thickness. From Figure 8 
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can be observed, that the curve stabilizes from middle of simulation and does not have an 

increasing tendency 

 
 

 
 

 
 

5. Conclusion 

Hydrogen technologies represent a promising future in everyday use. Most promis-

ing future is in automotive industry and implementing hydrogen technologies in ordinary 

vehicles. Most common way to store hydrogen nowadays is by using high-pressure ves-

sels mainly because of hydrogens low bulk density. Because of this disadvantage, storage 

in metal hydrides can be promising method for storing hydrogen. High pressures are not 

required while storing hydrogen in metallic alloys. The main disadvantages of storing in 

low pressure vessels are the low bulk density in the metal structure and very low value of 

thermal conductivity of used alloys. Main task of this article was to create an internal heat 

intensifier for efficient dissipation of heat from the core of primary vessel to outer shell, 

where the vessel is cooled by coolant which in case was water at 20 °C. The results of this 

simulation showed satisfactory results and values in all aspects of the study. Even better 

results can be achieved by optimizing geometric structure of internal heat intensifier by 

for example adding more lamellas or placing lamellas on different places in working en-

vironment.  
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Abstract: This article deals about the issue of improving the temperature management of a metal 

hydride tank, which being use for to reduce the energy consumption of hydrogen storage. The prob-

lem of absorption and adsorption of hydrogen gas in metals and cooling of metal hydride tanks in 

the process of hydrogen absorption is analyzed. The processed data are based on the current level 

of development of science and research in this area. 

Keywords: metalhydride, hydrogen, tank, absorption, adsorption, desorption, alloys... 

1. Introduction 

On a global scale, means of transport are currently operated using mainly fossil fuels. 

Combustion thereof is accompanied with a release of certain substances to the surround-

ing environment, especially oxides of nitrogen and carbon, hydrocarbons, and solid par-

ticles. In an efforted air pollutants, relevant emission standards introduced in the EU are 

more and more stringent. A primary consequence thereof is reincreasing efficiency of 

combustion engines. The reduction of emissions cars down to zero was facilitated by in-

troducing electric cars; however, it must be noted that their carbon footprint was just 

transferred to power plants that produce electricity. Also, environment-friendly produc-

tion and disposal of used power batteries is currently very complicated. Replacing electric 

batteries with a hydrogen storage system comprising a fuel element facilitates the devel-

opment of a car with a zero-carbon footprint. In this case, however, the problem of emis-

sions is shifted again, just like in the case of electric cars, to areas where hydrogen is pro-

duced. As much as 96% of global hydrogen is produced from fossil fuels, primarily by 

partial oxidation of natural gas and steam reforming. Nevertheless, zero carbon footprint 

may be achieved by producing hydrogen from alternative energy sources using the elec-

trolysis of water. We can say that the combustion of such hydrogen has a negligible envi-

ronmental impact, from the fuel production stage up to the stage of fuel combustion in 

cars [2].  

 

One way to store hydrogen is to compress it into pressure vessels as it is in a gaseous 

state at ambient temperature. When storing hydrogen in pressure vessels, it is necessary 

to increase the pressure enormously due to the low density of the gas, thus increasing the 

energy value of the stored hydrogen per unit volume. As a result of the increase in pres-

sure in the vessel, it is possible to store more energy in the tank itself. However, the dis-

advantage is that increasing the pressure requires the use of thick-walled vessels, which, 

however, are very heavy and thus increase the total weight of the hydrogen storage de-

vice. Cylindrical or round shapes are used for safer distribution of compressive forces 

acting on the vessel walls. The spherical surface is generally the smallest of all geometrical 

units per unit volume, therefore heat exchange with the environment and loading are 

minimal, but on the other hand their production is very demanding, therefore cylindrical 

vessels are mostly used [1].  
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Another non-traditional way how to storage hydrogen at low pressure is using metal 

hydride alloys. During the hydrogen absorption into an intermetallic structure of an alloy, 

thermal energy is generated. As the temperature increases, the absorption process kinetics 

decreases, and the thermal field distribution becomes uneven due to the low thermal con-

ductivity of powder materials. As a result, there are great temperature differences inside 

the powder alloy, and this is regarded as an undesired phenomenon. The heat transfer 

from and to the metal hydride alloy power may be increased by installing internal heat 

exchangers, thermal tubes etc.; which is the subject of this contribution as well. 

 

2. Design of passive cooling modules to enable heat generated in the absorption pro-

cess 

During the adsorption of the hydrogen into the metal hydrides, a rapid pressure re-

duction can be observed compared to the compressed gas vessels at the same volume. The 

pressure drop is caused by the decomposition of the hydrogen molecule and the storage 

thus formed elemental hydrogen in the intermetallic structure of a metal alloy. The ab-

sorbed gas no longer contributes to the pressure in the tank until it is released from the 

alloy (desorption process). 

This property is in terms of reducing the operating pressure in the metal hydride 

tank, so with a view to covering fuel consumption ensuring sufficient range is key and 

offers the possibility of implementing research activities mapping all the positives and 

negatives of these systems.  

In this work, a cylindrical pressure vessel is designed, in accordance with the STN 

EN standard 13322, with a maximum operating pressure of 3 MPa (30 bar), serving on 

storage of hydrogen by absorption into the structure of a metal alloy. In the calculations, 

the characteristic properties of the metal hydride alloy were considered. This alloy con-

tained elements such as Ti, Zr, Mn, V, Fe.  

The designed metal hydride tank has a volume of 1.6 liters and its maximum oper-

ating pressure was set at 3 MPa (Fig.1). Its inner diameter is 50 mm with a wall thickness 

of 5 mm. The total length of the tank is 830 mm. This container can store 70 liters of hy-

drogen and is made of stainless steel 316 L. 

 
Figure 1. 3D model of the metal hydride tank 

Design of passive cooling modules  

Since heat is generated in the process of absorbing hydrogen in the metal hydride, 

which takes place at a pressure of up to 3 MPa, it is necessary to design a cooling system 

that will dissipate excess heat. If no cooling occurs in this process, a so-called equilibrium 

state (pressure, temperature) is reached in a short time, at which the alloy is no longer able 

to absorb hydrogen. The variable parameter in the case of the designed tank, due to the 

limited maximum operating pressure in the tank, is the temperature.  

In this proposal, I will focus on the design of a module that allows heat removal from 

the volume of the metal hydride alloy towards its edges to homogenize the temperature 

field of the metal hydride alloy. In addition to the homogenization of the temperature 

field in the metal hydride alloy, attention will also be paid to the design of a passive cooler, 

which dissipates the generated heat to the surrounding environment. In our case, we are 
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talking about an aluminum intensifier, which distributes the generated heat towards the 

shell of the tank, on which is placed a passive cooler, formed by circumferential ribs. The 

aluminum intensifier has a higher thermal conductivity than the thermal conductivity of 

the metal hydride alloy, which will increase the heat transfer from the volume of the metal 

hydride alloy towards the shell of the metal hydride (MH) tank [3].   

The lamellae (ribs) placed circumferentially, have the shape of an annulus and are 

located on the shell of the MH tank along the main axis of the vessel (Fig. 2). The height 

of the lamella is 28 mm and the thickness is 2 mm with a observed spacing of 2 mm.  

 

Figure 2. Geometry of lamellas located longitudinally in the main axis of the MH tank 

Internal intensifier with cross lamellas, which gradually extend from the main axis 

(Fig.3). The first third of the main lamella, which is closest to the axis of the MH tank, is 1 

mm thick. Above the first side (cross) lamella, the main lamella expands to 2 mm for more 

efficient heat dissipation and the thickness of the side lamellas is 1 mm everywhere. The 

intensifier consists of six main lamellas, which are arranged at an angle of 60⁰. 

 

Figure 3. Inner intensifier with cross lamellas 

The proposed heat intensifier was subsequently tested in the simulation tool ANSYS 

CFX. The first active cooling variant has the surface of the MH tank cooled by means of a 

shell heat exchanger in which the cooling medium flows. In the case of the second variant 

of the calculations, free convection was considered, where heat dissipation is ensured by 

means of a ribbed heat exchanger located on the shell of the MH tank (Fig.4). From the 

surface of the ribs, heat is transferred to the surrounding environment. 
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 Figure 4. Ribbing with free convection on the shell of the MH tank 

 

3. Water-cooled MH tank without and with heat intensifier 

The temperature of the cooling water in both applications is at the inlet 10 ° C (Fig.5, 

Fig.6). The maximum temperature values have decreased significantly and have moved 

from the core of the container to the areas of the space between the lamellae, as can be 

seen in Fig. 6.   

The installation of an internal heat intensifier also contributes to the homogenization 

of the temperature field in the volume of the metal hydride alloy, which contributes to 

improving the kinetics of the absorption process.  

  

Fig. 5 MH tank with metal hydride without 

inner intensifier at cooling water temperature 

of 10°C – evaluation of the change of tempera-

ture in radial direction 

Fig. 6 MH tank with intensifier and his 

temperature field at cooling water temperature 

of 10°C 

4. MH tank with external ribbing and heat intensifier 

In this simulation, the external ribbing of the geometry around which the coolant 

(air) flows is used. For this reason, the heat transfer coefficient has changed compared to 

the previous simulation. The cooling air temperature was reset to 10 ° C. In contrast to the 

first case, where only an internal intensifier was used to stabilize the temperature field 

distribution, external heat exchangers were used in the following simulations to improve 

surface heat dissipation when using air as coolant instead of water. The use of air as a 

cooling medium reduces the overall requirements for the design of the tank due to simpler 

temperature management applications. Fig. 7 shows a temperature field without the use 
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of an intensifier and using external circumferential ribbing at a cooling air temperature of 

10 ° C. Fig. 8 shows the distribution of the temperature field in the hydrogen tank with 

considering the intensifier at cooling air temperature of 10 °C. 

  

Fig. 7 Distribution of temperature field in 

the hydrogen tank without considering the 

inner intensifier at cooling air temperature 

of 10°C 

Fig. 8 Distribution of the temperature field in 

the hydrogen tank with considering the in-

tensifiers at cooling air temperature of 10°C 

5. Conclusions 

From the simulations, it is clear that without the presence of an intensifier in the 

reservoir, the core overheats, while the heat flow from the core to the environment is im-

paired, due to the powder structure of the metal hydride alloy. With the use of the internal 

heat transfer intensifier, both in the case of the water-cooled tank and in the case of the 

air-cooled tank, the heat distribution within the entire cross-section of the tank was stabi-

lized. In the case of a tank with an internal intensifier, which is cooled by water, the tank 

is kept at a lower temperature compared to the tank, which is cooled by free convection 

through a ribbed surface installed on the metal hydride tank. It can be stated that the in-

tensifier significantly reduces the maximum temperature of the metal hydride alloy and 

contributes to a better homogeneity of the temperature field of the metalhydride alloy in 

the absorption-desorption cycle. Despite the qualitatively worse parameters of the heat 

dissipation achieved with the method of passive hydrogen tank cooling, the method is fit 

for broad spectrum use in the industrial applications, nevertheless. In stationary applica-

tions, where the lower kinetics of the absorption-desorption cycle is allowed, the method’s 

use is highly justified in means of energy saving, which is necessary for the operation of 

active cooling systems. 
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Abstract: The article addresses the issue of changing the concentration of odorant added to natural 8 

gas and changing its properties in the pipeline depending on time. It describes various physical and 9 

chemical factors, such as absorption, adsorption, and oxidation, influencing the time dependence of 10 

the so-called odor fading, i.e. a decrease in the concentration of odorants in natural gas. The paper 11 

also evaluates experimentally obtained data on the change in odorant concentration in the pipeline 12 

as a function of time during the time when there is no flow in the pipeline. 13 

Key words: Odorization, natural gas, odor fading 14 

15 

1. Introduction 16 

Natural gas is one of the most important fossil fuels with significant applications in 17 

many areas of society. However, in addition to the many positives of its use, it is necessary 18 

to be aware of possible risks. 19 

Natural gas is explosive at air concentrations in the range of approximately 4.4-17% 20 

[1]. The exact value of the interval depends on the actual composition of the natural gas 21 

and on the ambient temperature and the oxygen concentration in the air. Natural gas is 22 

non-toxic and does not cause a poisoning, but at higher concentrations it is unbreathable 23 

and suffocating for humans. 24 

As natural gas is a colorless and odorless substance, the addition of odorants is nec- 25 

essary to guarantee safe operation and the possibility of immediate detection of a possible 26 

gas leak through the human olfactory. 27 

2. Odorants 28 

Odorants are particularly liquid substances with a characteristic odor which evapo- 29 

rate immediately under normal conditions in the pipeline. They are added to other odor- 30 

less and usually dangerous substances to signal their presence without the need for any     31 

equipment. 32 

They must have an unmistakable and unpleasant odor of sufficient intensity. Odor-     33 

ants must not leak out of intact pipes or disturb them themselves. On the other hand, they 34 

must have a good ability to pass through the soil layers so that they are recognizable by 35 

smell to people on the surface and thus determine the location of the gas leak from the 36 

pipe. 37 

Odorants can be simply divided into two basic groups, specifically sulfur-based and 38 

sulfur-free odorants. However, mixtures of different types of odorants are currently used 39 

for the needs of industry. It allows to achieve optimal properties suitable for the specific 40 

application [2]. 41 

42 
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3. Odor fading 43 

The odor fading can be defined as a gradual reduction in the odor intensity. This is 44 

caused by various chemical and physical processes that occur in the pipeline. These are 45 

processes such as absorption, adsorption and oxidation [3]. 46 

This unwanted process can be prevented by pickling the pipe. Pickling is the process 47 

of surface treatment of the inner walls of the pipe. During such a process various impuri- 48 

ties are removed. At the same time, an increased amount of odorant is injected into the 49 

pipe. After some time in operation, in some cases it is necessary to repeat the pickling of 50 

the pipeline. 51 

3.1. Absorption 52 

Absorption is the process by which molecules of gaseous substances (absorbates) are 53 

dissolved and absorbed in solids (absorbents). Specifically, the odorant dissolves evenly 54 

throughout the volume of the pipe material. The odorant concentration gradually de- 55 

creases until equilibrium is reached. After reaching this state, the absorbent is no longer 56 

able to absorb another amount of gaseous substance. This state is called the saturation 57 

state. The absorption process depends on the odorant concentration and also on the stoi- 58 

chiometry of the system [3]. 59 

However, desorption processes can also occur in distribution systems. In case of de- 60 

sorption, the odorant molecules are released from the pipeline into the natural gas. Similar 61 

phenomena were common especially in older pipelines, in which there was a naturally 62 

smelling gas transported in the past. 63 

3.2. Adsorption 64 

During the adsorption process, molecules of liquid or gaseous substances (adsorb- 65 

ates) are bound only to the surface of the solid or, in some cases, to liquid substances 66 

(adsorbent). Thus, unlike absorption, odorant molecules do not penetrate the entire vol- 67 

ume of the piping material. The odorant molecules bind only to the inner wall of the gas 68 

line during adsorption. 69 

Adsorption occurs due to surface energy. The walls of the pipe are not perfectly sur- 70 

rounded by atoms, so they can attach an odorant. Adsorption is divided into physical and 71 

chemical. Physical adsorption occurs under the influence of weak Van der Waals forces. 72 

Chemical adsorption is caused by covalent bonds. 73 

In Figure 1. there is a graph of adsorption showing the relationship between adsorb- 74 

ate x and adsorbent m and pressure p at a constant temperature. 75 

 

 

 

 

 

 

 

 

 

 

76 

Figure 1. Adsorption isotherm 77 

As the pressure increases, the adsorption also increases. After reaching the saturation 78 

pressure ps, the adsorption no longer depends on the pressure [4]. 79 
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3.3. Oxidation 80 

During oxidation, a loss of electrons occurs, thus there is an increase in the oxidation 81 

number. This number indicates the sum of positive and negative atoms. Oxidation occurs 82 

during the reaction of iron oxide FeO, or other compounds, with the odorant. In this reac- 83 

tion, the chemical composition of the odorant changes. 84 

Oxidation occurs most often in new steel pipes. Older or plastic pipes are less prone 85 

to oxidation. After the application of the new pipeline into the distribution network, the 86 

inner surface of the pipeline is porous and contains rust and scale. These metal oxides 87 

consist of iron oxide FeO, iron oxide Fe2O3 and iron oxide Fe3O4. They are highly reactive 88 

in contact with odorants. The oxidation of thiols to disulfides proceeds according to the 89 

following equation: 90 

1 
2 R-SH + 

2 
O2 = R-SS-R + H2O (1) 

Adding FeO2 to the equation would speed up the reaction even more. The disulfides 91 

thus formed then have a less pungent odor than the original thiols. This also changes the 92 

other properties of the odorant [3]. 93 

4. Decrease in odorant concentration as a function of time 94 

To determine the time dependence of the odor fading in natural gas, or decrease of 95 

its concentration, an experimental measurement of the concentration of odorant TBM 96 

(tert-butyl mercaptan) in non-flowing natural gas in a closed pipe was performed within 97 

97 days (Table 1). Electrochemical sensors were used to determine the concentration. 98 

99 

Table 1. Measured changes in odorant concentration in natural gas 100 

Day Odorant concentration in natural gas (mg‧Nm-3) 

0 6.3 

7 4.9 

14 5.1 

21 4.4 

27 4.7 

55 3.4 

82 2.9 

  97 3.1   
101 

It is clear from the obtained data that, despite small deviations, the odorant concen- 102 

tration decreases in the long term. These slight short-term increase in concentration could 103 

be caused by the lack of sensitivity of the measuring devices. In addition, the possibility 104 

that various difficult-to-predict factors have caused the process of desorption of the odor- 105 

ant from the piping material back into the natural gas mixture should not be neglected.        106 

The red trend curve in Figure 2. obtained by regression analysis provides an overall     107 

overview of the long-term decrease in the odorant concentration in natural gas. This curve     108 

is described by a polynomial equation of the 3rd degree: 109 

y = -1.2318 · 10-6 ·x3 + 5.8341 · 10-4 · x2 – 7.5129 · 10-2 · x + 5.9512 (2) 

where y represents the measured odorant concentration (mg · Nm-3) and x represents     110 

the day of measurement. The reliability of this curve is R2 = 0.9306. 111 

112 
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113 

Figure 2. Time dependence of the decrease in the odorant concentration 114 

5. Flow time and concentration decrease 115 

When calculating the flow time, a pipe with a length of l = 1500 m and an inner di- 116 

ameter of d = 0.1 m was considered. Natural gas density  = 26.58 kg·m-3 at pressure 117 

p = 3.075 MPag. Average natural gas flow Qm = 1.8 kg · h-1 = 0.0005 kg·s-1. 118 

Then the following equation applies to speed v: 119 

 

(3) 

 

 

 
(4) 

 

 

 
 

At a velocity v = 0.0024 m·s-1, the natural gas mixture passes through the entire pipe- 120 

line in time t: 121 

  (5) 

  (6) 

  (7) 

After substituting the value t = 7.23 into equation (2) instead of x, an approximate 122 

concentration value y = 5.44 mg·Nm-3 was obtained after 7.23 days. 123 

The minimum concentration that human olfactory can capture in a gas mixture is 124 

approximately 3.66 mg·Nm-3 [5]. After substituting this value into equation (2) instead of 125 

y and then expressing the value of x, it was found that to reach the minimum detectable 126 
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concentration, the gas in the pipeline would have to flow for approximately 44.33 days   127 

(Figure 3.). 128 

 

129 

Figure 3. Comparison of calculated and minimum odorant concentration in natural gas mixture          130 

6. Conclusions 131 

The odorization of natural gas is a necessary process to ensure safe operation. To   132 

fulfill its warning function, the odorant must be present in a sufficient amount in the nat- 133 

ural gas mixture. The data obtained and subsequent calculations show that, given the pa- 134 

rameters of the pipeline and the given gas consumption, the flow rate is sufficient for the     135 

gas to reach the delivery point before the odorant concentration drops to a dangerous   136 

minimum. It would take approximately 6 times longer to reach a critical concentration.        137 

Larger distances between delivery points and odorization stations, or a long-term   138 

decrease in natural gas flow, or a combination of these factors could be problematic. 139 

Therefore, it is necessary to ensure the optimal amount of odorant added to the pipeline, 140 

which is capable of covering the increased concentration losses. 141 
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Abstract: The article deals with the possibilities of recovery of biodegradable kitchen waste. In ad-

dition to the most common methods of its current processing, it also solves the possibilities and 

procedures of biogas production, from which it would be possible to subsequently obtain e. g. hy-

drogen. In this case, it is possible to use biogas with a high concentration of methane to obtain hy-

drogen, which would then pass through the technology of WGS reactors, where methane and wa-

ter vapor combine at an elevated temperature to form hydrogen and carbon dioxide. 
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1. Introduction 

Due to the fact that since January 2021, according to Act 460/2019 Coll. to the obli-

gation of municipalities and cities in Slovakia to introduce separate collection of biode-

gradable kitchen waste (BRO), it is necessary to consider their subsequent use. Due to 

possible exceptions to the law, it is necessary to realize that the law will apply to about 

80% of local governments. As the sorting of biodegradable kitchen waste is currently 

unprofitable, it is necessary to find a way to obtain valuable products from the sorting of 

such waste, which would increase the attractiveness of this activity. Profits from the sale 

of products would reduce the costs of collecting and sorting this waste, which would 

more quickly meet the requirements and obligations to the European Union that result 

from the law. 

2. Current state of the organic waste problem 

Due to the fact that the annual production of biodegradable kitchen waste in Slo-

vakia reaches the level of about 500 thousand tons, which is about 100 kg per person, this 

mass of energy usable waste has significant opportunities for the production of fuels that 

could be used as environmentally friendly fuel. Today, most of the biodegradable waste 

ends up in landfills, where microorganisms produce landfill gas, mainly methane, which 

has a significant impact on global warming, carbon dioxide, nitrogen oxides and hydro-

gen sulphide. The vast majority of these components have an adverse effect on the envi-

ronment, whether in the form of gases that are released from the landfill and subse-

quently promote global warming, contribute to the formation of acid rain, or degrade air 

quality. Their negative impact can also contribute to soil and groundwater contamina-

tion, which in turn causes damage to the ecosystem in large areas. 

According to the current decree, organic waste should be collected on an ongoing 

basis at least once every 14 days. According to observations from the surrounding coun-

tries of the European Union, which have already introduced this obligation, the collection 

of biodegradable kitchen waste is preferred every 7 days, or according to the needs of 
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filling collection containers primarily in summer, when faster decomposition of organic 

matter may occur. Decomposition of these substances already in the collection containers 

produces landfill gas in urban areas, which would significantly reduce the comfort of life 

of the inhabitants of such areas. It should be used for collection in municipalities with a 

predominance of family houses, especially the so-called bucket method, where house-

holds would be equipped with buckets of 7 - 25 liters, in which they should place de-

composable waste. It is likely that after the introduction of this activity, in the case of ag-

glomerations with family houses, smaller composting facilities will be created. Such fa-

cilities could be placed near every house or in the neighbourhood, which would result in 

the decrease of the amount and content of the biodegradable kitchen waste, which will 

need to be collected and processed. In the case of residential buildings, placing of brown 

collection containers with the volume of 120 - 660 liters is expected. 

3. Current state of processing of biodegradable waste 

The most common method currently used for the processing of biodegradable waste 

is their composting, or the use of fermentation equipment to accelerate the decomposi-

tion of waste and its sterilization due to elevated temperature. On the territory of Slo-

vakia, composting stations are gradually being established in larger cities, where the 

natural decomposition of biodegradable waste occurs by means of microorganisms. The 

final product of these decomposition processes is humus and compost, which can be sold 

or used to fertilize urban greenery or gardens. EP and EC Regulation No 1774/2001 on 

animal by-products (replaced by EP and EC Regulation No 1069/2009) establishes a ban 

for the producers of kitchen and restaurant waste that is part of animal by-product, to 

feed terrestrial and farmed animals with this waste, with the exception of fur animals. In 

addition, the producer of such waste is obliged to ensure its processing. The operator of 

the facility is obliged to ensure the treatment of this waste in the following way: crush 

kitchen and restaurant waste into a fraction up to 12 mm in diameter and then subject it 

to thermal inactivation (hygienization) at 70 ° C for 1 hour. To address this obligation, 

local governments have the following technical options: 

− composting plant with composting in open areas - is only a partial solution, it does not 

address the issue of kitchen waste according to European legislation, specifically the 

above-mentioned regulation on animal by-products, 

− biogas plant - minimum capacity of 7000 t BRO per year, long transport distances BRO 

and thus increase the cost of BRO recovery, 

− incineration plant - the problem is high investment costs and operating costs, a min-

imum capacity of 150,000 tons of BRO per year, long transport distances of BRO and 

thus an increase in the cost of recovering BRO, 

− composting plant with BRO aerobic treatment technology (i.e. fermenter), including 

kitchen and restaurant waste, reaching the BRO recovery temperature required by the 

valid EC and EP Regulation No. 1069/2009. This is the most acceptable solution in 

terms of investment and capacity. The capacity of 1500-2000 t BRO covers the needs of 

local governments, which means short BRO transport distances and cost calculations 

given in the financial analyses of the prepared projects were the most economically 

acceptable in connection with the legal obligation to solve this problem. 

At present, the production of biogas, which would be the most efficient method of 

processing biodegradable waste, is limited due to the inhomogeneity of the input raw 

material, when it is not possible to ensure an equal share of individual components in 

kitchen waste. Such a method of recovery of biodegradable waste comes into considera-

tion in the case of waste recovery from places such as restaurants, canteens or super-

markets, where the type of waste and its suitability for subsequent biogas production can 

be precisely determined. 

In an effort to use all types of biodegradable waste for high-gas methane production, 

which will be separated in the near future, it is necessary to carry out technological 

treatment such as particle reduction by grinding or chopping, followed by fermentation, 
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which disturbs larger organic chains, which improves and accelerates the subsequent 

process of conversion of organic compounds into biogas using methanogenic bacteria. 

After fermentation, a residue remains - digestate, which is liquid or has a slurry 

consistency. It can be applied directly to agricultural land or, at lower water contents, it 

can be stabilized by composting. 

Materials suitable for this technology are mainly agricultural waste, but also waste 

from the food industry, sludge from wastewater treatment and, in addition, kitchen and 

restaurant biological waste. Wastes with a humidity above 45% are especially suitable. 

The sanitation conditions set out in EC Regulation No. 1774/2001 EC apply to certain 

types of waste in a similar way to composting.  

The process of converting organic matter into biogas takes place in several consecu-

tive steps, each step involving a different type of bacteria and the final product of the 

cycle is subsequently converted by methanogenic bacteria into biogas, i.e. a gas with a 

high methane content, which is then possible to further energetically process. 

4. Possibilities of using biogas methane 

Biogas contains a large proportion of methane, which is one of the largest global 

warming factors and has a 25-times higher effect than carbon dioxide, which is consid-

ered the main greenhouse gas. The possibilities of using biogas are different. One of the 

most common is its direct combustion in cogeneration units during the production of 

electricity and heat. 

One of the few technologies used is the WGS Reactor (water gas shift reactor). It is a 

plant in which water reacts in the form of steam with methane under the influence of the 

catalysts used. The presence of a catalyst is necessary for the reaction of the individual 

components to occur, according to equation (1). The most common catalyst is a layer of 

nickel oxide on an aluminium alloy, which is then pressed into porous pellets (Figure 1). 

700 1000 C

4 2 2CH +H O CO+3H
−

  
(1) 

A reaction then occurs on the surface of these pellets. The main disadvantage of 

using this type of catalyst is its ability to clog with carbon release. Pellets need to be re-

placed after clogging. Thanks to the use of affordable materials without the presence of 

precious metals, their degradation and subsequent replacement is inexpensive. 

The effective surface area of such pellets, depending on their type and method of 

production, is in the range of 3 - 30 m2·g-1. Such area provides enough space for the reac-

tion to take place. The most common substrate for nickel oxide is the CaAl2O4 alloy. For 

ZZC-11R and ZZC-12R alloys, the common inlet temperature is 430 - 650 °C and the 

outlet temperature ranges from 650 to 980 °C. 

 

Figure 1. Different shapes of nickel-aluminum pellets. 

It is possible to use a part of the collected biogas to heat the gas to the required 

temperature, which after combustion will ensure sufficient heating of the mixture, 

without the need for an external source of gas heating. The passage of methane through 

the WGS reactor results in a gas mixture in which the proportion of methane decreased 
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significantly, but at the same time the proportion of hydrogen increased which can be 

separated from the remaining biogas components and subsequently used as an energy 

source, either for direct combustion or in fuel cells. 

Due to the controlled production and subsequent consumption of methane, there is 

no uncontrollable release into the atmosphere, as is the case with conventional municipal 

waste landfills. In contrast to conventional composting, in this case we obtain, in addition 

to fertilizers that can be applied to urban green areas or fields, also an energy-efficient 

product in the form of hydrogen. This method would make it possible to partially de-

centralize the methods of producing hydrogen as a fuel, while at the same time using 

biodegradable kitchen waste. 

5. Conclusions 

Due to the current state of development of technologies in the field of waste treat-

ment, there is a possibility of obtaining biogas from biodegradable kitchen waste. Such a 

system would ensure not only the treatment of waste, but also the production of raw 

materials, which could become one of the critical resources for the development of the 

economy and transport in the near future. A system of hydrogen production from bio-

degradable kitchen waste could also significantly reduce the centralization of hydrogen 

production to smaller processing plants located near larger cities or agglomerations of 

smaller municipalities. 
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Abstract: The purpose of this publication is to describe the process of implementing individual im-

plants for veterinary applications. One of the main points is the description of individual software 

suitable for such use. The individual software are also compared in terms of their use in the indi-

vidual implants modeled by them. Another part of the paper is focused on the use of 3D printing 

technology, also taking into account their use in individual implantology for veterinary applica-

tions. 
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1. Introduction 

With the gradual introduction of additive technology and rapid prototyping in vari-

ous industries such as engineering [1], electrical [2] or construction [3], additive manufac-

turing has also found application in the field of human medicine [4]. The production of 

individual implants, but also orthotic devices, is expansive and, due to this fact, additive 

production is gradually finding its place in veterinary applications [5]. 

An important part of the production of any product produced through additive pro-

duction is its 3D modelling or. 3D design. The production of individual proteinaceous 

devices using additive technology is a relatively complex process which, as in other in-

dustries, cannot be done without knowledge of the individual software and its operation 

[6] [7]. However, in the case of medical use, whether in human or veterinary applications, 

design, in addition to the software support itself, cannot be done without the support of 

appropriate diagnostic and imaging methods. One of the imaging methods used in the 

design of individual implants is computerized tomography or CT. Data in the form of 

DICOM are processed into stl. files using appropriate software. (Stereolithography), 

which can be further modified in these software to create individual 3D models [7] [8]. 

Another way to obtain this data, for example for the production of individual orthotic 

prostheses, is to use handheld 3D scanners such as Artec Eva [9]. The principle of data 

processing is similar to the previous case. 

In addition to the production of implants, these software can also be used to plan 

surgery by printing 3D anatomical models. Surgical planning, especially for personalized 

hard tissue implants, is based mainly on conventional CT images or MRI images. Thus, 

for effective preoperative planning of a surgical procedure, its planning on 3D printed 

models based on CT information is possible. Another way is to simulate such surgery 

directly with software on a virtual model. However, this requires specific software func-

tions to simulate surgical procedures and to calculate certain parameters such as volume 

distance and bone density. In the case of procedures requiring individual implants, the 

implants can be designed on a 3D model. An alternative to this approach is to work di-

rectly on a 3D model in a computer [10]. 
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There are several types of software on the market used for 3D product modelling 

[11]. Some of them are their certifications directly intended for use in human medicine 

[12]. However, other non-certified software can also be used for this purpose - for example 

in the field of veterinary applications. This may be software that is freely available or soft-

ware that requires a valid license to be purchased. In this publication, I will try to describe 

the software that was used in the design of implants for veterinary applications. 

2. Overview of softwares 

Whether it is the printing of 3D models for the planning of the operation or the design 

of the individual implant, both processes require the processing of CT or MRI images by 

specialized software for medical imaging. A powerful software interface is required to 

accept the inputs of all types or brands of scanners, to facilitate the selection of the ana-

tomical structure made using imaging methods, and to link this information to 3D print-

ing devices. 

Surgical simulation on virtual models on a computer requires specific functions of 

the surgical simulation software and other software packages (CAD, FEA, CFD, etc.) [10]. 

Equally important is the "separation" of individual tissue types based on their bulk den-

sity. For these purposes, but also for design purposes, software such as Mimics or Vesalius 

3D are used [25] [26] [27]. 

In addition to the software mentioned above, there are many other software that can 

be used to model and design 3D implants. However, not all of them are permitted for use 

in human medicine. As these are veterinary applications in this case, they can be consid-

ered in terms of availability. 

2.1. Use of individual software in veterinary practice 

 In veterinary practice, certified software for human use from Materialize - Mimic is 

currently one of the most widely used software. This software has been used to a greater 

extent, especially in modeling implants with more complex geometry. Another advantage 

of this program was its use in the planning of surgery, which ultimately resulted in the 

total operating time required for implantation. This time was significantly shortened, 

which had a positive effect on the overall health and time required for the overall sedation 

of the animal. Other software used to create the implant included software such as Blender, 

MeshLab and Mesh-mixer (Autodesk). The first of these were used to model beaks for spe-

cies such as toucan, goose or parrot. For simpler types of implants, software used in com-

mon practice such as SolidWorks and Pro Creo Parametric were used. In some cases, how-

ever, it was not quite possible to determine the type of software used to design the im-

plants. 

The table below (Tab. 1) provides an overview of the software used along with the 

type of tissue being replaced. The data from Table 1 were transferred to a graph (Fig. 1), 

where these software are clearly displayed with respect to their use on a number of cases. 
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Table 1. Summary overview of individual software and methods of 3D printing with 

regard to the replaced structure 

 Replaced tissue Software used 3D printing method 

Birds Toucan; parrot; house / 

Beak 

MeshLab, Blender  Chyba! Nenašiel 

sa žiaden zdroj odkazov.Chyba! Ne-

našiel sa žiaden zdroj odkazov.  

(3x toucan, parrot and goose)  

not specified 

 Eagle / Beak SolidWorks Chyba! Nenašiel sa žia-

den zdroj odkazov. 

not specified 

 Bird / Wing Pro creo Parametric, Meshmixer [28] PolyJet (Objet) [28] 

Cats Kolenný kĺb Materialise Mimics Inovation Suite 

Chyba! Nenašiel sa žiaden zdroj od-

kazov. 

DMLS Chyba! Nenašiel sa 

žiaden zdroj odkazov. 

Turtle Maxillofacial area 

(missing 60%) 

Materialise Mimics Inovation Suite 3-

Matic Chyba! Nenašiel sa žiaden zdroj 

odkazov. 

EBM Chyba! Nenašiel sa 

žiaden zdroj odkazov. 

 

Dogs Limb reposition not specified EBM Q10plus Chyba! Ne-

našiel sa žiaden zdroj odka-

zov. 

 Stabilization of the 

spine 

not specified EBM Q10plus Chyba! Ne-

našiel sa žiaden zdroj odka-

zov. 

 Skull 3 cases - dogs; skull tumor  

Materialise Mimics, Materialise 3-

matic (+Data processing) Chyba! Ne-

našiel sa žiaden zdroj odkazov. 

ADEPT software (+ the cranial plate 

was designed in) Chyba! Nenašiel sa 

žiaden zdroj odkazov. 

SLM/DMLS Chyba! Nena-

šiel sa žiaden zdroj odkazov. 

 AM400 (Renishaw) – 

The Renishaw AM 400 in-

dustrial 3D printer Chyba! Ne-

našiel sa žiaden zdroj odka-

zov. 

 

 Foreleg - 5 dogs (steo-

sarcoma) 

Catia V5 Chyba! Nenašiel sa žiaden 

zdroj odkazov. 

 

DMLS - EOSINT M280  

(+ Surgical guide; ABS – 

FDM)  Chyba! Nenašiel sa 

žiaden zdroj odkazov. 

 Knee joint Mimics Materialise 

SLA-190, 3D Systems (+ full size 

replica) Chyba! Nenašiel sa žiaden 

zdroj odkazov. 

Z 400 (3D printer) Chyba! 

Nenašiel sa žiaden zdroj od-

kazov. 

Powder – based Chyba! Ne-

našiel sa žiaden zdroj odka-

zov. 

 Trachea (Two implants, 

1 case study) 

Meshmixer, Materialise Magics PolyJet, Pneumatic Extrusion 

(Bioploter) 
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Figure 1. Graphical overview of the use of softwares in individual case studies 

In addition to the use of individual software, Table 1 also shows the technologies 

used in 3D printing. In this case, however, it is not entirely possible to box the most used 

technology as in the case of software. The use of individual types of 3D printing technology 

depends mainly on the material used. In cases where materials paired with a group of 

metals were used as the material for the implant, the most used method was the DMLS 

method resp. SLM. The PolyJet method (Stratassys) was used the most for 3D printing 

from non-metallic materials, see. graph in Figure 2.  

       

     Figure 2. Graphic overview of individual 3D printing methods in individual case studies 

4. Conclusions 

From the above-mentioned graphs, it can be stated that in addition to certified soft-

ware, it is also possible to use non-certified ones for veterinary practice. Although their 

percentages are different, they have ultimately served the purpose for which they were 

used. When using these software, it is important to be aware of the overall geometry and 
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complexity of the future implant before designing and designing, and to select the appro-

priate software based on that. 
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Abstract: Tilt sensors are designed to measure the angle of an object with respect to the force of 

gravity. These sensors determine the pitch and/or roll angle and output these values via the ap-

propriate electrical interface. Tilt angle sensors play a very important role in many applications 

such as aviation instruments, portable computers, robotics devices, vehicles, etc. Therefore, it is 

significant that these sensors are accurate and have small measurement errors. In this work there 

were used three small tilt angle sensors mounted on a tilting platform. The sensors detected 

a change in the inclination of the platform. For each sensor there were created transformation 

and calibration functions from the obtained data. Furthermore, there were calculated regression 

equations, standard deviations and combined standard uncertainties. Based on the performed 

calculations, it was found that all three sensors have low values of standard deviations and stand-

ard uncertainties, so they are all convenient for measuring inclination. These results will be fur-

ther processed so that their output units could be unified – changed all to angle degrees and thus 

comparable. 

Keywords: measurement; tilt angle sensors; inclinometers; MEMS 

 

1. Introduction 

Tilt sensors are types of sensors that produce an electrical signal which is propor-

tional to the degree of inclination with respect to one or more axes. These sensors are used 

to measure slope and tilt within a limited range of motion. Sometimes, the tilt sensors are 

referred to as inclinometers because the sensors just generate a signal, but inclinometers 

generate both readout and a signal. 

These sensors are classified into different types and the classification of tilt sensors 

includes different devices and technologies to measure tilt, slope, elevation and inclina-

tion. There are three main types: force balance sensors, fluid filled sensors (capacitive 

or electrolytic) and solid state microelectromechanical systems (MEMS) sensors.  

Force balance sensors are gravity referenced sensors and are anticipated for DC ac-

celeration measurements. These sensors are frequently used in inclinometers and tilt me-

ters. Force balance sensors are capable of measuring levels from 0.0001g to 200g, 

and the frequency range is from DC to 1000Hz. The advantages of these sensors include 

a change in broad measurement, insensitivity to temperature change and their high accu-

racy. The disadvantage of this sensor is its high cost.  

The electrolytic sensors are used to measure an angle and the angle may be expressed 

in degrees, arc minutes, or arc seconds. Electrolytic sensors produce extremely accurate 

pitch measurements in many applications. These sensors easily maintain their high accu-

racy and small size. Capacitive sensors are designed to take non-contact measurements of 

inclination and tilt. These can operate both as switches and sensors. When the geometry 

of the capacitor is changed, the capacitor sensor relies on variation of capacitor. The main 

advantage of the capacitive sensor is its performance ratio and cost-effectiveness, whereas 

a limited response is the main disadvantage of this sensor. 
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Solid state MEMS are small sensors as they consist of movable proof mass plates that 

are attached to a reference frame through a mechanical suspension system. When the de-

vice tilts, this mass will move slightly, causing a change of capacitance between the mass 

and the supporting structure. The tilt angle is calculated from the measured capacitances. 

This is a technique of combining mechanical and electrical components together on a chip 

to generate a system of miniature dimensions. Small means that the dimensions are less 

than the thickness of human hair. These kinds of sensors have become mass market prod-

ucts with an excellent performance/cost ratio. MEMS sensors are key components in many 

medical, industrial, aerospace, consumer and automotive applications [1, 2, 3]. 

For purpose of this work three different tilt angle sensors were selected 

from the MEMS sensors category because these sensors are small and easy to attach to 

a small platform and all three of them should have great accuracy in measuring the angle. 

There are some differences between them, and the aim of this work is to verify their prop-

erties.  

2. Measuring Chain and Measurement Methodology 

In the measuring chain there were 3 tilt angle sensors: dual-axis thermal accelerom-

eter MEMSIC 2125, three-axis accelerometer and gyroscope module with MPU6050 GY-

25 and 1-dimensional capacitive inclinometer 8.IS40.14121 KÜBLER. MEMSIC 2125 was 

connected to oscilloscope GDS-1102-U GW INSTEK and power supply UNI-T 

UTP3313TFL-II. The same power supply was also used to power KÜBLER 8.IS40.14121, 

which was connected through a resistor to the digital multimeter Metrel MD9015. 

MPU6050 GY-25 was attached to microcontroller board Arduino Mega 2560 and then to 

computer with Arduino IDE. All three tilt angle sensors were connected to the tilting part 

of the aluminium construction. There was mounted digital protractor AG-82413B, which 

was used as our reference (working standard). A cross spirit level was fitted at the bottom 

of the structure so that we had the structure horizontally. Measuring chain can be seen in 

the Figure 1.  

 

 

Figure 1. Measuring chain. 
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The aluminium construction had an articulation which made it possible to tilt 

the platform mounted with all three sensors including the standard from a horizontal po-

sition of 0 ° to an angle of inclination of 70 °, which was sufficient to verify the properties 

of the tilt angle sensors. The start of the measurement was at zero degrees and each time 

measurement took place the aluminum platform was moved by five degrees until 70 de-

grees was reached. Every 5 degrees, 10 values were measured on each sensor. An example 

from the measurement can be seen in the Figure 2. 

 

  

Figure 2. Measurement at twenty degrees. 

3. Results 

 A total of 450 measurements were performed throughout the experiment, therefore 

there were made graphic representations of the collected data. The basic metrological 

characteristic - transformation function was evaluated for each measuring device. Trans-

formation functions can be seen in the Figure 3, 4 and 5. 

In the Figure 6, 7 and 8 can be found calibration function of each measuring device 

respectively and the regression curve was analyzed from which there were calculated re-

gression equations and model. 

Furthermore, there were calculated the standard deviations of the tilt angle sensors 

of which dependence on the tilt angle of reference can be seen in the Figure 9, 10 and 11. 

Thereafter type A evaluation of standard uncertainty was calculated from standard 

deviations of used sensors. These uncertainties mentioned above were transferred to 

the graphs in the Figure 12, 13 and 14. 

According to manufacturer of the multimeter Metrel MD9015 [4], maximum permis-

sible error (MPE) of DC voltage for range from 250 mV to 2,5 V is: 

𝑀𝑃𝐸 =  0,5% ∗ 𝑈 + 0,001 ∗ 2 (1) 

Type B evaluation of standard uncertainty was calculated for the digital multimeter 

and it has the same units (Volts) as the results from Type A standard uncertainty. Thus, 

combined standard uncertainty could be calculated for the multimeter too. In the Figure 
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15 can be seen Type B evaluation of standard uncertainty and combined standard uncer-

tainty. 

For the accelerometer MPU6050 GY-25 [5] manufacturer says that resolution is 0,01 °, 

then uB  was: 

𝑢𝐵 𝑀𝑃𝑈  =  
0,01 °

√3
= 5,774 ∗ 10−3 ° (2) 

The manufacturer of oscilloscope GDS-1102-U GW INSTEK [6] does not give MPE of 

the duty cycle, only maximum rise time of 3,4 ns was given, therefore uB was calculated 

to be: 

𝑢𝐵 𝐺𝐷𝑆 1102−𝑈  =  
3,4 ∗ 10−9

√3
= 1,963 ∗ 10−9 𝑠 (3) 

For the accelerometer MEMSIC 2125 [7] manufacturer states that resolution is better 

than 1 mili(g), so this value will be considered as MPE and uB was calculated to be: 

𝑢𝐵 𝑀𝐸𝑀𝑆𝐼𝐶  =  
𝑔 ∗ 10−3

√3
=  

9,81 ∗ 10−3

√3
= 5,664 ∗ 10−3 𝑚/𝑠2 (4) 

According to manufacturer of the inclinometer 8.IS40.14121 KÜBLER [8] repeat ac-

curacy is ≤ 0.1% of measuring range, therefore uB  was: 

𝑢𝐵 𝐾𝑈𝐵𝐿𝐸𝑅  =  
0,1% ∗ 70 °

√3
= 4,0415 ∗ 10−3 ° (5) 

Type B evaluation of standard uncertainty for the microcontroller board Arduino 

Mega 2560 could not be calculated, because manufacturer does not provide any infor-

mation on this issue. 

 

Figure 3. Dependence of the average duty cycle of MEMSIC 2125 on the tilt angle of reference. 

50
50,5

51
51,5

52
52,5

53
53,5

54
54,5

55
55,5

56
56,5

57
57,5

58
58,5

59
59,5

60
60,5

61
61,5

62

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

A
V

ER
A

G
E 

D
U

TY
 C

YC
LE

 [
%

]

TILT ANGLE OF REFERENCE [°]

Miro
Psací stroj
    4



Novus Scientia 2022 2  of 10 
 

284 

 

 

Figure 4. Dependence of the average measured tilt angle of MPU6050 GY-25 on the tilt angle of reference. 

 

Figure 5. Dependence of the average output voltage of KÜBLER 8.IS40.14121 on the tilt angle of reference. 
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Figure 6. Dependence of the tilt angle of reference on the average duty cycle of MEMSIC 2125. 

 

Figure 7. Dependence of the tilt angle of reference on the average measured tilt angle of MPU6050 GY-25. 
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Figure 8. Dependence of the tilt angle of reference on the average output voltage of KÜBLER 8.IS40.14121. 

 

 

Figure 9. Dependence of the standard deviation of MEMSIC 2125 on the tilt angle of reference. 

 

Figure 10. Dependence of the standard deviation of MPU6050 GY-25 on the tilt angle of reference. 
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Figure 11. Dependence of the standard deviation of KÜBLER 8.IS40.14121 on the tilt angle of refer-

ence. 

 

Figure 12. Dependence of the type A standard uncertainty of MEMSIC 2125 on the tilt angle of 

reference. 

 

Figure 13. Dependence of the type A standard uncertainty of MPU6050 GY-25 on the tilt angle of 

reference. 
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Figure 14. Dependence of the type A standard uncertainty of KÜBLER 8.IS40.14121 on the tilt an-

gle of reference. 

 

Figure 15. Dependence of the type B standard uncertainty of the multimeter Metrel MD9015 and combined standard uncertainty 

on the tilt angle of reference. 

4. Discussion 
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Calibration function for this work could be described as dependence of tilt angle of 

reference on the output measured variable and in the graphs, there were analyzed regres-

sion curve was s from which there were calculated regression equations and model.  

In the Figure 6 (MEMSIC 2125) regression equation was second degree polynomial y = 

0.2246x2 - 19.463x + 411.74 and regression model was close to R² = 1: R² = 0.9961. In the Fig-

ure 7 (MPU6050 GY-25) regression equation was linear y = 0.991685x + 0.074624 and re-

gression model was very close to one R² = 0.999991. In the Figure 8 (KÜBLER 8.IS40.14121) 

regression equation was linear y = 220.300408x - 88.165647 and regression model was 

the closest to one R² = 0.999980. 

The standard deviations of the tilt angle sensors data were calculated and can be seen 

in the Figure 9, 10 and 11. In the Figure 9 (MEMSIC 2125) the standard deviations were 

between 0,038 % and 0,1226 %. In the Figure 10 (MPU6050 GY-25) the standard deviations 

were between 0,00568 ° and 0,01197 °, which was better than the MEMSIC 2125. In the Fig-

ure 11 (KÜBLER 8.IS40.14121) the standard deviations were between 0 V and 0,000249 V, 

which was the best result of all three sensors. 

Dependence of the type A standard uncertainty of tilt angle sensors data on the tilt 

angle of reference can be seen in the Figure 12, 13 and 14. The lowest type A standard 

uncertainty can be seen in the Figure 14 (KÜBLER 8.IS40.14121), where the values were 

between 0 V and 0,000249 V. In the Figure 13 (MPU6050 GY-25) were the values between 

0,0018 ° and 0,00379 ° and in the Figure 12 (MEMSIC 2125) were the values 0,012% 

and 0,0388 % so these values do not differ very much from the average value too. 

In the Figure 15 (KÜBLER 8.IS40.14121) there were shown type B standard uncer-

tainty of multimeter Metrel MD9015 and combined standard uncertainty. These values 

were very similar, because type A standard uncertainty for KÜBLER was very low. 

The values at 0 ° could be excluded because of dead band and then the values of combined 

standard uncertainty are between 0,004115 V and 0,005585 V. 

5. Conclusion 

These results of sensors will be in the next work processed further in depth so sensors 

could be compared in order to choose the best tilt angle sensor, which would be applied 

on an inclination tribometer, where it is necessary to determine the inclination when 

the body is set in motion. 
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Abstract: In an effort to gain market leadership, vehicle manufacturers are striving to introduce 

vehicles that are timeless not only in terms of the materials used but also the technology used to 

produce them. These efforts are supported by various worldwide projects that give young people 

the opportunity to present their plans with the sole aim of attracting interest and demand. One such 

activity is the Shell Eco Marathon, an international competition that actively encourages young peo-

ple to get involved in the development and production of experimental cars using new materials 

and alternative powertrains. The first race (1985-1999) was held at the Paul Richard circuit in France. 

In 2009, the race left this country for the first time and was held in Germany, then in 2015 in the 

Netherlands and since 2016 the competition has been held in England. 

Keywords: automotive; internal commerce; internal combustion engine; propulsion system 

 

1. Introduction 

One of the important processes in the use and actual production of components for the 

automotive industry is the use of digitization, especially 3D scanners, which have found 

their wide application in the automotive environment. In this sphere, digitisation has be-

come an essential part of the development and assembly process. Its introduction and 

operation significantly reduces the time required to construct or inspect components. 

This method of digitisation can also be referred to as development digitisation, as it is 

implemented in the design or development process of a vehicle or its components. Using 

3D scanning, small components as well as large parts can be scanned. The choice of 3D 

scanner and scanning technology itself depends largely on what is being scanned. Of the 

wide range of these devices, some are ideal for scanning closer objects, i.e. short-range 

scanners, and vice versa for scanning more distant points, where medium- or long-range 

scanners are preferable. The choice of scanner is not the only key parameter, the method 

used and the purpose of scanning are also important elements. 

 

 

 

 

 

Citation:  

 

 

Received: date 

Accepted: date 

Published: date 

 

mailto:miroslav.palko@tuke.sk
mailto:viktoria.krajnakova@tuke.sk
mailto:kral@tuke.sk


Novus Scientia 2022 2  of 7 
 

291 

 

2. Characteristics of the Shell Eco Marathon 

The aim of the competition is to promote the ingenuity and design skills of the partici-

pants, to increase interest in technology, to introduce new technologies and materials in 

the field of vehicle and engine design and, last but not least, to deepen the overall 

knowledge of technology as well as to improve the language skills of the participants. 

The competition is open to both high school and university students from all over the 

world. [1] The vehicles are powered by thermal combustion engines or electric motors. 

Petrol, diesel, gas or alternative fuels H2, solar systems, etc. are used as fuel. The fuel for 

the race is supplied by Shell. The competition vehicles are mainly tricycles of various 

designs and shapes. They are piloted by competitors aged 13 years and over, who pass 

the necessary tests, which are determined by the race organiser. [6] The race takes place 

on a usually standard circuit with a total length of 3636 m, which the competitors com-

plete a total of 7 times. The total distance covered is 25.452 km, which must be covered 

within a time limit of 50 minutes and 34 seconds. After the distance has been covered, 

the fuel is added to the calibrated tank and the consumption in millimetres is deter-

mined, or the distance covered per 1 litre of fuel is calculated, or the consumption per 

100 km. It is possible to make 4 attempts during the race, the best result of which will be 

included in the evaluation. [12] The engine can be switched off during the race, while the 

driving itself is always under the constant control of the judges. The SJF TUKE team par-

ticipated in the race 16 times in total. The best performance so far was recorded by the 

team in 2019 with a total of 825 kilometres driven per litre of fuel (Fig. 1).  

 
 Fig. 1 STATISTICS of the SJF TUKE team [1] 

3. Basic characteristics of the vehicles for the Shell Eco Marathon 

One of the most important features of the Shell Eco Marathon race is the construction of 

a vehicle with the lowest possible weight, so special carbon materials are used for this 

purpose. The bodywork is self-supporting and made specifically for the pilot of the vehi-

cle. A special manufacturing process has been used to ensure a small body thickness 

while maintaining the highest rigidity. All the components used in this experimental 

vehicle have been selected according to several criteria, the most important of which are 

quality and the lowest possible weight. [8] The positioning of the components was done 

in accordance with the idea of keeping the centre of gravity of the vehicle as low as pos-

sible to ensure sufficient stability of the vehicle. [13] As the race takes place on a multi-

cornered circuit, it is very important to have the correct geometry of the spinning 

wheels, in addition to low weight and sufficient stiffness of the vehicle. When cornering, 
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each of the steered wheels moves in a different path because the inside and outside 

wheels go through the corner at a different turning radius. To achieve the best result in 

this competition, all possible passive drag and losses should be eliminated as much as 

possible. One of these losses may be due to poor steered wheel geometry, which can 

cause the steered wheels to brake the entire vehicle when cornering. [11]  Despite the 

fact that the ultralight vehicle does not have shock absorbers, it was necessary to con-

sider the stiffness of the axle so that it could support the wheel to some extent and return 

to its original position.  

An important factor in the success of these races is not only building a low consumption 

engine, but also reducing wheel resistance, especially when cornering. Another integral 

part of the development of the experimental vehicle is the aerodynamic drag of the 

body, which has a great influence on its speed, stability, but especially on fuel consump-

tion. [8] The external aerodynamic shape of the body must be designed to provide the 

best possible airflow, while at the same time providing the driver with enough space to 

ensure a safe view outside and to accommodate all necessary components. 

Drive 

The type and design of internal combustion engines are not restricted. However, they 

must only burn fuel provided by the organiser and must not burn engine oil (two-stroke 

engines are prohibited). [4] The most important points that must be observed are: 

• Only an internal combustion engine may be used where 95 octane petrol supplied 

by Shell is used as fuel.  

• The internal combustion engine must be a four-stroke 

• The engine must not contain a carburettor, fuel injection must be electronically con-

trolled 

• Maximum fuel feed pressure is 5 Bar, no fuel filter is allowed 

• Engine starting must be electric 

• Turbocharging of the engine is prohibited 

• Air filter is prohibited, intake manifold must be free of other components 

• Intake air cooling is prohibited 

• Gas recycling or engine venting must not be used for further combustion in the en-

gine 

• Only wheels that are not controlled by the driver may be driven 

• The vehicle must not move spontaneously when started at idling speed[2] 
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External energy sources 

For all fuel categories, stored pneumatic energy not replaced by the engine may only be 

used for the fuel injection system during competition. [15] Fuel pumps are allowed for 

all fuel categories provided they are mechanically driven. Electric fuel pumps are 

prohibited. 

It is permitted to pressurize liquid fuel tanks to feed fuel to the engine only in the 

following cases: 

• Compression shall be carried out using a transparent compressed air cylinder 

equipped with a relief valve set to a maximum pressure of 500 kPa  

• The system shall incorporate a standard valve used for automobile tyres to allow 

verification/control of the setting pressure for the relief valve  

• Said depressurisation shall be carried out in the starting area by means of an air 

pump  

• The driver shall not change the pressure during the competition[2] 

Auxiliary energy sources (chemical, latent energy from phase changes, etc.) are not 

allowed. The engine temperature can be regulated using pure pressurized water or a 

commercially available coolant. The pump for pressurizing the coolant can only be 

mechanically driven. External engine temperature control using external heating devices 

is limited to 100 °C[2]. 

External energy sources 

The vehicle may only be equipped with one of the following approved fuel tanks 

supplied by the organisers:  

• Prototype category: 30, 100 or 250 cc 

• Urban-Concept category: 30, 100, 250 or 350 cc 

Only tanks with a clearly visible mark demonstrating compliance with APAVE 

certification may be used for pressurised systems. APAVE tests fuel tanks and certifies 

their ability to withstand 500 kPa of pressure. [10] The fuel tank shall be mounted in an 

accessible and zero vertical position that allows for a burette height of approximately 1 

metre in a filling situation. The fuel tank shall be mounted so that its top is a minimum 

of 50 mm below the protective cage and well clear of moving parts, batteries, heat 

sources and ignition. [16] The fuel tank shall be mounted so that its top is at least 50 mm 

below the roll cage and sufficiently far from moving parts, batteries, heat sources and 

ignition[2]. 

The fuel return line shall feed fuel into the fuel inlet below the fuel tank. For diesel 

engines, the return line may be fitted to the fuel filler cap only if the engine was 

originally equipped with a hand pump and the return line and pump have not been 

modified. Teams must equip their vehicle with a clean fuel line that is not susceptible to 

expansion under pressure (maximum internal diameter 8 mm). For all pressurised fuel 

systems, the hoses that connect the cylinder to the fuel tank cap must be flexible (need 

not be Rilsan/Nylon) to allow for easy connection[2]. 
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The fuel system 

Bidders shall provide a description and an accurate technical drawing of the fuel delivery 

system from the tank to the engine. This system shall be designed so that it can be com-

pletely drained and refilled before the competition. The fuel line between the tank and 

the engine must not contain any other components such as filters. [9] A second valve di-

rectly at the bottom of the fuel tank is tolerated. [18] For diesel engines, a fuel system so-

lenoid shut-off valve is required in case of danger. Internal combustion engines with car-

buretors are prohibited (fuel injection is mandatory). The intake manifold must not con-

tain any fuel (or accumulate any fuel) or exhaust gases when the vehicle is at the starting 

line prior to departure. [11] Air filters are not allowed in the intake system. Exhaust gases 

may not be recirculated during competition[2]. 

The fuel system must be easily accessible for inspection and measurement. It must be 

possible to adjust the fuel system to ambient pressure to accurately measure the fuel level 

in the tank. The pressurisation system shall be fitted with a pressure gauge and the oper-

ating pressure shall be clearly indicated on the gauge. The standard method of measur-

ing fuel consumption for liquid fuels is by volumetric substitution of fuel consumed with 

a temperature-corrected fuel volume. The fuel consumption of all vehicles equipped with 

an internal combustion engine that have reached more than 1500 km/l shall be gravimet-

rically measured. Initially, a member of the technical team will fill the fuel system and 

then the entire fuel system (including tank, injectors and lines) will be weighed on a pre-

cision scale. All these components must be compact and easily separable for weighing 

purposes. Upon completion of a successful run, the entire fuel system shall be unin-

stalled and weighed again. This handling of the fuel system, including mounting and 

dismounting from the vehicle and transporting it to the weighing room, must be done by 

a competent team member with a valid access card. [10] The whole process of handling 

the fuel system will be supervised by a member of the technical team who will also carry 

out the weighing. Fuel is a volatile product. Therefore, it is not permitted to artificially 

raise the temperature of the fuel system which would result in vaporisation of the fuel. 

Cooling of the fuel system is also forbidden[2]. 

Vehicles using hybrid technology 

The supercapacitor is the only permitted energy storage device for hybrid vehicles. 

Mechanical or hydraulic energy storage is not permitted. The use of any battery in a 

hybrid drive vehicle is prohibited. This capacitor shall be the sole source of stored 

energy for the electric motor driving the vehicle. [8] The two connectors must be 

installed safely outside the vehicle so that the voltage at the starting line can be 

measured. These connectors must be marked "Supercapacitor Voltage" The state of 

charge of the Supercapacitor will be checked before and after each run by measuring its 

voltage. The voltage measured after the competition run must be approximately the 

same as the voltage registered before it. [3] Otherwise, the supercapacitor must be 

recharged by starting the engine until its voltage is equal to the voltage recorded before 

the competition lap. The time taken to recharge the Supercapacitor by running the 

engine is then added to the recorded time of the respective competition round. The 

entire electrical circuit must be properly fused to prevent overloading of some of its 

parts. This fuse must be clearly marked on the technical drawings and must be easily 

visible and accessible[2]. 

Starter 
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An electric starter must be used during the competition. Hand starting is prohibited. It 

must be clearly stated that the starter must never be able to provide any propulsion to 

the car. Starter's light: A clearly visible red indicator light, equivalent in luminescence to 

a 21 W bulb, must be fitted to the rear of the car and must be clearly visible from both 

sides of the track to indicate any action by the starter. [7] If the track marshals report 

repeated or heavy use of the electric starter by a team, the organiser reserves the right to 

order an immediate inspection of the car. [4] If any non-compliance is observed, the 

team will be penalized accordingly. At the start, the starter and therefore the starter light 

must be extinguished by the time the rear wheel of the car crosses the start line. Failure 

to comply with this criterion will invalidate the round and will count as the maximum 

number of attempts[2]. 

Fuels 

Fuels are provided exclusively by the competition organiser. Four types of fuel are 

provided for the internal combustion engines. Specifically, gasoline with the trade name 

Shell FuelSave 95, diesel fuel with the trade name Shell FuelSave Diesel, Ethanol E100 

(denatured) and Shell Gas to Liquid (GTL)[2]. 

Benefits 

• Helps reduce emissions - GTL produces more consistent and uniform 

molecules compared to conventional crude oil refining, resulting in 

better combustion characteristics for Shell GTL fuels in standard diesel 

engines. This helps reduce air pollutant emissions 

• Can be used in existing diesel engines without the need for engine 

modifications, new infrastructure or vehicle investment - The properties 

of Shell GTL fuel allow it to be used as a direct replacement for 

conventional diesel fuels 

• It is free of unwanted components such as sulphur, metals and 

aromatics - Natural gas is a much cleaner fossil fuel compared to 

petroleum, making it less harmful to the environment 

• Readily biodegradable - Shell GTL fuel is more biodegradable than 

conventional diesel 

• Better starting performance in cold conditions - due to higher cetane 

number 

• Better safety, handling and storage - due to higher flash point [6] 

4. Discussion 

In an effort to gain market leadership, vehicle manufacturers are striving to introduce ve-

hicles that are timeless not only in terms of the materials used but also the technology 

used to produce them. [7] These efforts are supported by various worldwide projects that 

give young people the opportunity to present their plans with the sole aim of attracting 

interest and demand.  

This project serves as a motivation for the next steps of planning. The contest is divided 

into two main categories - urban concept and prototype. [9] The two categories are further 

divided according to the type of propulsion, whether it is an internal fuel engine, an elec-

tric motor or a hydrogen engine. [16] Our faculty is engaged in the Prototype category and 

the development of an internal combustion engine. Since the beginning of the 
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participation of the Faculty of Mechanical Engineering of the Technical University of 

Košice in these contests, it has been focusing on the development and construction of its 

own body and, last but not least, on the development and production of its own internal 

combustion engines that would achieve the best possible result in the competition. 

 

 

References 

 

1. SLOBODA, Aurel – BUGÁR, Tibor – SLOBODA, Oskar, KRÁĽ, Ján – KONEČNÝ, Branislav: 25 rokov experimentálnych 

vozidiel : Technická univerzita v Košiciach, Strojnícka fakulta, 2019, 141 s. ISBN 978-80-553-3328-1 

2. SHELL ECO MARATHON 2020 OFFICIAL RULES [online]. : [cit. 10.05.2020]. Dostupné na internete: 

<https://www.makethefuture.shell/en-gb/shell-eco-marathon/global-rules> 

3. GASOLINE [online]. : [cit. 17.05.2020]. Dostupné na internete: <https://www.britannica.com/technology/gasoline-fuel> 

4. DIESEL FUEL [online]. : [cit. 17.05.2020]. Dostupné na internete: <https://www.britannica.com/technology/diesel-fuel> 

5. ETHYL ALCOHOL [online]. : [cit. 17.05.2020]. Dostupné na internete: <https://www.britannica.com/science/ethyl-alcohol> 

6. SHELL GTL FUEL [online]. : [cit. 17.05.2020]. Dostupné na internete: <https://www.shell.com/business-customers/commer-

cial-fuels/shell-gtl-fuel.html> 

7. SLOBODA, Aurel – BUGÁR, Tibor, - TOMKOVÁ, Marianna – SLOBODA ml., Aurel – PIĽA, Ján – TKÁČ, Zdenko: 

Konštrukcia automobilov I. : Technická univerzita v Košiciach, Strojnícka fakulta, 2006, 402 s. ISBN 80 -8073 – 718 - 5 

8. TAJOMNÝ SVET ŠTVORTAKTOV [online]. : [cit. 28.05.2020]. Dostupné na internete: <http://www.coun-

trycross.sk/clanky/894-tajomny-svet-stvortaktov> 

9. WANKEL ROTARY ENGINE [online]. : [cit. 28.05.2020]. Dostupné na internete: <http://www.citroenet.org.uk/miscellane-

ous/wankel/wankel2.html> 

10. MOTORY- JENOM PEKNY FOTKY [online]. : [cit. 02.06.2020]. Dostupné na internete: <http://m-power.blog.auto.cz/2007-

01/motory-jenom-pekny-fotky/> 

11. STRANKY PRE FANÚŠIKOV SUBARU [online]. : [cit. 02.06.2020]. Dostupné na internete: <http://www.subaru-als.es-

tranky.cz/> 

12. FERENC, Bohumil: Spalovací motory : Karburátory a vstřikováni paliva. Praha: Computer Press, 2004, 388 s. ISBN 80-251-

0207-10 

13. SÚBOR: T CYCLE SEILIGER.PNG [online]. : [cit. 05.06.2020]. Dostupné na internete: <http://sk.wikipe-

dia.org/wiki/S%C3%BAbor:T_cycle_Seiliger.png> 

14. RAUSCHER, Jaroslav: Spalovací motory. Brno: studijní podklady, 2005, 235 s. 

15. GRT GAZ ET LA JOLIVERIE, PARTENAIRES DE LA MOBILITÉ GAZ [online]. : [cit. 06.06.2020]. Dostupné na internete: 

<http://www.grtgaz.com/fileadmin/medias/communiques/2015/fr/CP-GRTgaz-Joliveriemicrojoule-19032015.pdf> 

16. REMMI TEAM INFO [online]. : [cit. 06.06.2020]. Dostupné na internete: <http://remmi-team.com/> 

 

Miro
Psací stroj
    7



 

 

    

297 

 

The effect of Neurac movement therapy on the treatment of 

scoliosis 

Bibiána Ondrejová 1*, Lucia Bednarčíková 1, Monika Michalíková 1, Jaroslav Dulina 2, Jozef Živčák 1 

1 Technical University of Košice, Mechanical Engineering, Department of Biomedical Engineering and meas-

urement, Letná 9, 04200, Košice, Slovakia; 

   bibiana.ondrejova@tuke.sk, lucia.bednarcikova@tuke.sk, monika.michalikova@tuke.sk, jozef.zivcak@tuke.sk  
2 Lucas Sports Centre s.r.o, Košice, Slovakia; dulinaj@gmail.com 

* Correspondence: bibiana.ondrejova@tuke.sk 

Abstract: Idiopathic scoliosis is a three-dimensional deformity of the spine, which most often affects 

children and adolescents. Untreated can cause severe movement restriction, progression of curva-

ture and other complications associated with it. The cause is still unknown and is therefore consid-

ered a multifactorial disease. Current treatment options include, in addition to invasive surgical 

interventions, orthotherapy and movement therapy, which are the aim of this work. The work is 

focused on the effect of scoliosis using the RedCord system in a case study. It describes the principles 

and procedures of treatment with innovative and non-invasive movement therapy, which aims to 

restore functional movement patterns using a high level of neuromuscular stimulation. Part of the 

work is a case study of an adolescent patient with idiopathic scoliosis, who underwent treatment 

with Neurac RedCord therapy after the brace therapy. The anamnesis, kinesiological analysis of the 

patient, the therapy process and conclusions after treatment are presented. 

Keywords: idiopathic scoliosis, movement therapy, Neurac 

 

1. Introduction 

Recently, due to a change in lifestyle, sedentary employment or school activities, 

where computer technology is used (incorrect sitting) as well as a persistent pandemic 

situation (absence of sports, clubs, physical activity) there is a development of diseases of 

the musculoskeletal system, in younger age categories it is mainly a diagnosis of scoliosis. 

Scoliosis is defined as "three-dimensional torsional deformity of the spine and torso" that 

causes abnormal lateral curvature in the frontal plane, axial rotation in the transverse 

plane, and abnormal curvature in the sagittal plane. It usually occurs among children and 

adolescents and often progresses untreated during growth. The consequences of deform-

ity can sometimes be observed only in adulthood, when the patient primarily suffers from 

back pain, but secondary associated diseases of the musculoskeletal system, organs and 

cardiopulmonary system may also occur [1]. 

Although this is the most common spinal deformity among children and adolescents, 

a guaranteed effective treatment is still unknown. There are many approaches in the 

world to the treatment of this spinal disease, but they have all been developed primarily 

to achieve the same goal, namely to prevent the progression of the curve or to improve its 

condition and to prevent invasive surgery. In addition to correcting the curve during ad-

olescence, the treatment of scoliosis also aims at the prevention or treatment of respiratory 

dysfunctions, the prevention or treatment of painful spinal syndromes and the improve-

ment of the aesthetic aspect of deformity [1-3]. 
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The most common parameter for the indication of scoliosis treatment are the de-

grees of Cobb angle (Figure 1). 

 

Figure  1. Scoliosis treatment indication according to Cobb angle. 

As the most common causes of idiopathic scoliosis in adolescents include increased 

muscle tension and weakness of certain muscle groups, it is recommended to strengthen 

and exercise the muscular system using appropriate exercise plans designed by a physi-

cian, physiotherapist, or specialist in a given movement therapy. The criterion for select-

ing the right movement therapy is kinesiological analysis. The type of scoliosis, the size of 

the curve, the age and the ability to cooperate must be taken under consideration in the 

selection [4]. 

Non-invasive conservative treatment of congenital and acquired disorders of the 

musculoskeletal system is performed by the interaction of medical orthopedic devices 

(spinal prostheses). During the period of growth, there is a possibility of significant tissue 

remodeling, which can lead to effective correction of scoliotic curves using a corrective 

spinal orthosis. In adulthood, after the growth has stopped, deterioration and progression 

of the curve are no longer expected, leading to inadequate treatment for scoliosis, despite 

persistent problems. Reduction of these problems such as e.g. pain can be achieved 

through movement therapy [1-4]. 

Physiotherapeutic and orthotic treatment is based on long-term loading of the skel-

eton and connective tissues. As for the exercises that can be used in the treatment of sco-

liosis, they can be divided into conventional and new approaches. The possibilities of 

movement therapy for patients with IAS (idiopathic adolescent scoliosis) divided into 

conventional and new approaches are shown in the diagram (Figure 2) [4-5]. 

 

Figure 2. Conventional and new approaches in movement therapy. 

The aim of this work is to present one of the new movement approaches to the pos-

sibility of affecting the scoliosis. For this purpose, Neurac RedCord therapy was chosen, 
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which is intended for the evaluation (recognition of weak links within the kinetic chain) 

and treatment of the neuromuscular system. The effectiveness of the method is based on 

scientific studies on the neurophysiology of pain and the musculoskeletal system and its 

positive effect is proven. The aim of the special exercises of the Neurac RedCord treatment 

method is to improve the interaction between the brain, locomotor receptors and muscles, 

which leads to reeducation, reactivation and ultimate restoration of normal function of 

inactive muscles. Neurac treatment has produced impressive results in many clinical 

cases, from patients suffering from chronic or acute pain to high-level athletes [6]. 

2. Materials and Methods 

This case study was conducted at the Lucas Sports Center under the guidance of  

Bc. Jaroslav Dulina, who specializes in fitness training for athletes, physiotherapy 

and rehabilitation using the Redcord system. 

The female subject was born in 2001 (consent to publication was provided by an adult 

patient) who was diagnosed with idiopathic scoliosis with an S-curve in 2016. The peak 

of the curve is Th9 and the Cobb angle was measured at 33 °. Gybus present, scapular 

asymmetry, visible shoulder height difference and pelvic deviation present. Secondary 

deflection of the spine with an L2 vertex and a 20 ° Cobba angle. Primary curve is located 

in lumbar area of spine. The patient reports occasional pain in the right side of the cervical 

spine, scapula and tingling in the right upper limb. After X-ray examination (Figure 3), 

the patient was indicated with a spinal orthosis with a destructive effect on a 22-hour 

application with a combination of movement therapy SM system and LTV. 

  

(a) (b) 

Figure 3. RTG images of the subject (a) image of Th spine (left), image of L-S spine (right) in frontal plane; (b) image Th 

spine (left), image L-S spine (right) in sagital plane. 

The patient's 22-hour daily application of the spinal orthosis (braces) lasted approxi-

mately 6 months, but due to associated back pain caused by pressure pads and worsening 

breathing during application of the orthosis, the number of daily application hours was 

reduced to 6-8 hours per day for another six months. Control examinations were com-

pleted in 2017 and 2018, when, however, there was no change in the initial finding. Due 

to persistent problems with back pain, in 2019 the patient began to undergo RedCord 

movement therapy. 

The movement therapy itself was preceded by an examination to determine the cur-

rent condition, which was performed by a physiotherapist in the form of posture aspects 

of the front, back, side and position on the 4 limbs. 

When examining posture from the front, the subject had a slight shift of the pelvis to 

the right side, an asymmetry in the height of the collarbones and shoulders - the right side 

higher and the head inclined slightly to the right (Figure 4 (a)). 

When examining posture from the side, the arch of the foot was visibly lowered. 

Shoulder protraction and a slightly weakened chest were also present. The head was ad-

vanced (Figure 4 (b)). 
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The position of the ankles and knees was normal during examination of posture from 

behind. The right posterior superior iliac spine was higher than the left. The thoracic re-

gion of the spine was inclined to the right with an overlap between the scapulas. The left 

scapula was placed higher than the right. Present asymmetry of the shoulder - left side 

above. The height of the upper limbs was also asymmetrical - the left side was higher than 

the right side (Figure 4 (c)). 

   

(a) (b) (c) 

Figure 4. Examination of subject's posture: (a) front view; (b) side view; (c) rear view. (Dulina, J.) 

Holding the body in position on the four highlighted the rotated pelvis - the right 

side higher than the left. The curvature of the spine in the thoracic part was inclined to the 

left. The thoracic region of the torso was also rotated - the left scapula placed higher than 

the right, also present overlap between the scapula inclined to the right (Figure 5). 

 

Figure 5. Visible deflection of the spine. (Dulina, J.) 

According to the orthopedist's indication and from an initial examination by a phys-

iotherapist, the subject was prepared for an intensive exercise program, which was 

planned for 3 weeks and consisted of 5 exercises in series. Therapy was focused on pos-

tural correction, functional stabilization, and pain reduction through the RedCord Neurac 

system. 

The subject's exercise program consisted of the following 5 exercises: 

Spine Scapular Retraction - retraction of the scapula in position lying on back; 

• the purpose is neuromuscular control and functional stability of the scapula 

with stability of the torso with a focus on the dorsal myofascial chains, especially 

the interscapular muscles 

Sitting Scapular Depression - depression of the scapula in sitting position; 
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• the purpose is neuromuscular control and functional stability of the scapulas 

and arms with a focus on the shoulder depressors 

Supine Row - adduction; 

• the purpose is neuromuscular control and functional stability of the scapula, 

shoulder and elbow with torso stabilization with a focus on the dorsal myofas-

cial chain and elbow flexors 

Supine Pelvic Lift - lifting the pelvis in position lying on back; 

• the purpose is neuromuscular control and functional stabilization of the lum-

bar spine and pelvis, minimizing the involvement of hamstrings with a focus 

on the myofascial chain 

Prone Bridging - plank; 

• the purpose is neuromuscular control and functional stabilization of the stem 

and pelvis with a focus on the ventral myofascial chains 

The patient completed 15 sessions under the supervision of a physiotherapist for 3 

weeks. The length of one training was 45 minutes. The exercises were performed in 4 se-

ries of 10 repetitions, if the patient did not manage the quality of the exercise, the number 

of repetitions decreased. After the end of the first series, there was always an increase in 

the intensity of the exercise with the progression, the so-called with additional movement. 

3. Results 

After completing intensive training, the posture assessment of the subject was per-

formed. It can be stated from the evaluation that the patient achieved a slight correction 

of the curve after only 3 weeks of intensive therapy and there was an improvement in the 

overall posture. This can be seen mainly in the thoracic spine, shoulder blades and shoul-

ders. The inclination of the scapula and shoulder to the right has been elevated. There is 

a noticeable reduction in the height difference between the arms and scapulas - a reduced 

deviation in the height of the left and right side. The overlap between the scapulas has 

also been reduced - the scapulas are closer together. No correction in pelvic and lumbar 

area position is observable (Figure 6). 

   

(a) (b) (c) 

Figure 6. Examination of subject's posture: (a) Observation of the position of the scapulas and vertebrae after the first 

exercise – red: position before exercise, black –position after exercise.; (b) before therapy; (c) after therapy. (Dulina, J.) 

Subjectively, the patient evaluates the therapy as effective. Indicates relief of cervical 

spine pain and right upper limb tingling. From an objective point of view, it is not possible 

to quantify the patient's condition after movement therapy, as no X-rays have been taken. 

One of the reasons is the termination of the growth of the subject and thus also the termi-

nation of the treatment of scoliosis. For these reasons, no significant progression of the 

curve is expected, which would lead to a negative affect on subject’s health. 
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4. Discussion 

The primary goal for improving the condition of patients with scoliosis is to 

strengthen weakened muscles and adjust muscle imbalances. Redcord therapy focuses on 

the treatment of the neuromuscular system and works on the principles of lability, relief 

and isolation of certain muscle groups. It achieves an ideal stabilization of the torso, acti-

vation of non-functional muscle groups and lightening achieves a suitable level of diffi-

culty according to the ability of the individual. Therefore, the Redcord system can be con-

sidered as a suitable therapeutic movement therapy for patients diagnosed with scoliosis 

with an indication of movement therapy. However, orthotic therapy requires long-term 

application of the device, according to empirical experience, 10 hours or more, for torso 

braces, the application time is usually 23 hours per day, which is uncomfortable and dis-

couraging for patients. With consistent patient monitoring and regular brace application, 

it is possible to stabilize the curve in 75% to 85% of cases, for improvement of the curve, 

the combination of orthotic and movement therapy is necessary. Regular exercise leads to 

strengthening of the body (prevention of muscle atrophy) with subsequent correction of 

the overall posture and muscle balance of the body. [2-6] 

As this type of therapy is relatively new and the effect of the treatment of scoliosis is 

still being investigated, for the further research would be advisable to monitor the longer-

term effect of this movement therapy on scoliosis with more subjects. 

5. Conclusions 

The work deals with the influence of scoliosis using the RedCord system. It is a rela-

tively new suspension system, which includes Neurac exercises focused on the neuromus-

cular system. The paper presents a case study with the initial health status of the subject 

who was indicated for treatment with brace therapy in combination with rehabilitation. 

After a period of application of the brace, the patient began to experience back pain and 

breathing problems. Therefore, the subject underwent the indicated 3-week RedCord 

Neurac movement therapy under the guidance of physiotherapist Bc. Jaroslava Dulina. 

After evaluating the posture by aspect and subjective evaluation of the patient, it is possi-

ble to declare the therapy as effective and the primary goal of the therapy fulfilled. 
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Abstract: This article is focuses on the prediction of manufacturability and material selection for the 

rubber forming part. The cover was used as a part model. Two materials were considered for pro-

duction - drawing quality steel St14 and aluminium steel Al6016. Pam stamp software was used to 

create the simulation model. The constitutive material equations Hill 48 and Hollomon (Krupkow-

ski) described the behaviour of the material during forming. Results were compared to the conven-

tional deep drawing method by a rigid tool. 

Keywords: rubber forming, conventional forming, steel sheet, aluminium sheet, numerical simula-

tion 

 

1. Introduction 

Rubber forming is one of the unconventional forming technologies, as is hydroform-

ing, electromagnetic forming, blast forming, and incremental forming [1-3]. Rubber form-

ing is advantageous for the production of prototype stampings, where only the die is used 

and any blank holder is required, which simplifies the construction of the tool and the 

production of prototypes. We distinguish two basic methods of rubber forming. The 

Guerin method uses the principle of expansion of rubber enclosed in a steel case. The ad-

vantage is that the rubber leaves no marks on the surface. The disadvantage is the need for 

large forces, although large pressures have a positive effect on increasing plasticity [1,2]. 

The Marform method is also suitable for deep drawing of steel and non-ferrous sheets. The 

difference is in the layer of rubber, which is larger here. The height of the rubber must be 

at least three times the height of the molding in order to avoid rapid wear and loss of 

elasticity of the rubber [2,3]. 

In practice and research, several authors have compared rubber forming technology 

with other forming technologies. Peng et al. [4] investigated rubber forming for various 

molding materials, where they examined the hardness of the rubber to the result of the 

process. In the simulation, the authors used the hyper-elastic Mooney-Rivlin model to de-

scribe the properties of a rubber die. The results of the investigation were suitable rubber 

hardness and friction conditions to achieve a uniform molding without breaking. Afteni et 

al. [5], summarized rubber forming technologies, where they described the production of 

different types of moldings and different types of production methods: Guerin process, 

Maslennikov process, Marform process, Demarest process, Verson-Wheelon process, Ver-

son hydroform process, and SAAB process. They also analyzed the results of numerical 

simulation of selected rubber forming technologies for selected types of moldings for the 

automotive and aerospace industries. Younis et al. [6] investigated the process of drawing 

a roll with rubber and used the experimental results to verify the numerical simulation of 

rubber forming. The rubber rod was made of polyurethane with different hardness and 
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thickness. Numerical simulation determined suitable process parameters for different 

shapes of the bottom of the cylindrical cups. 

The article presents a case study of the manufacturability of a sheet metal component 

(cover) by the rubber forming method. The purpose of the study was to replace the pro-

duction of a prototype cover stamping using a solid tool drawing method with a rubber 

drawing method and to evaluate the possibility of replacing the material in order to reduce 

the weight of the stamping. 

2. Materials and Methods 

In the simulations, a substantial part was to assess the possibility of changing the ma-

terial for the cover molding in order to reduce the weight and at the same time to assess 

the possibility of rubber forming compared to the traditional method of production by 

forming with a rigid tool. The material suggested for the cover stamping was aluminum. 

The table defines the mechanical properties of aluminum Al6016, and steel St14, which 

were used in the simulation. 

Table 1. Mechanical properties of steel St14 and aluminum Al6016 

Material 
E 

[MPa] 

Ν 

[-] 

ρ  

[kg.m-3 ] 

r0  

[-] 

r45  

[-] 

r90  

[-] 

Re 

[MPa] 

n  

[-] 

St14 2.1.105 0.3 7850 1.8 1.13 1.96 210 0.217 

Al6016 7.105 0.3 2700 0.38 0.48 0.66 116 0.26 

2.1 Condition of plasticity 

An Hill 48 anisotropic plasticity condition was used for both materials: [7,8] 

𝜎1
2 =  

𝑟0(1 + 𝑟90)

𝑟90(1 + 𝑟0)
𝜎2

2 −
2𝑟0

1 + 𝑟0

𝜎1𝜎2 = (𝜎1
𝑦

)
2
 (1) 

2.2 Material hardening curves 

Figure 1. Material hardening curves: (a) Al6016; (b) St14 
 

The Hollomon hardening model (Eq. 1) was used for the Al6016 material and the 

Krupkowski hardening model was used for the St14 material. (Eq. 2): [9,10] 

𝜎 = 𝐾 ∙  𝜑𝑛, (1) 

𝜎 = 𝐾 ∙ (𝜑0 + 𝜑𝑝𝑙), (2) 

where K is material constant, n is strain hardening exponent, φ0 is offset strain. The 

values of constants for individual materials are in Tab. 2. 

 

 

 

 (a) (b) 
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Table 2. Constants of material models 

Material K [MPa] n [-] φ0 [-] 

Al6016 425 0,26 - 

St14 548 0,217 0,0038 

2.3 Simulation settings 

The Mooney-Rivlin hyperelastic material model was used to define the punch mate-

rial. In Fig. 2 all the parameters of the punch material that were used for the simulation 

are shown.  

 
Figure 2. Parameters for the rubber punch material. 

 

Mooney-Rivlin generalized model expresses density of deformation energy in the 

case of compressibility by the relation (Eq. 3): [4,11] 

 

𝑊 =  𝑊(𝐼1, 𝐼2, 𝐼3) = 𝐴(𝐼1 − 3) + 𝐵(𝐼2 − 3) + 𝑊(𝐼3) (3) 

where : W is strain energy density, A and B are material parameters and W(I3) is a pen-

alty function for incompressibility (using ν = 0,499: Poisson’s ratio), I1, I2 and I3 are the 

strain invariants. [11] 

Different simulation models were modeled for different technologies, both simulation 

models ejected from the shape of the die (1), which was inserted into the PamStamp in the 

.igs format. Next, in PamStamp software, a rubber punch (3) for rubber forming and a rigid 

punch (3) for rigid tool forming technology, a blank (2) and a blankholder (4) for rigid tool 

forming technology were created. Finally, the shapes of the simulation model for individ-

ual technologies are given in the following figures. 

 

 
 

(a) (b) 

Figure 3. Simulation models (a) Rubber Forming (b) Rigid tool 

Miro
Psací stroj
    3



Novus Scientia 2022 2  of 6 
 

306 

 

3. Results 

The result of the simulation of deep drawing the cover from steel and aluminum 

sheet by Rubber Forming is shown in Figs. 4 to 5. The smallest thickness of the steel sheet 

was 0.869 mm in the corners of the stamping, which represents a thinning of the material 

by 27%. For aluminum sheet, the smallest sheet thickness in the same places was 0.784 

mm (thinning 34%). The distribution of deformations and their comparison with the form-

ing limit curve, determined according to the Keeler model, is shown in Fig. 5. For both 

materials, the strains are below the limit values, so that the stamping does not break when 

formed with rubber. 

 

  

(a) (b) 

Figure 4. Thinning of metal sheets when formed by rubber : (a) aluminum steet Al6016; (b) steel sheet St14. 

  

(a) (b) 

Figure 5. Analysis of fracture at rubber forming: (a) aluminum sheet Al6016; (b) steel sheet St14. 

The result of the simulation of deep drawing of the cover from steel and aluminum 

sheet by rigid tool forming is shown in Figs. 6 to 7. The smallest thickness of the steel sheet 

was at the corners and at the point of the inner molding of the molding with a value of 1.06 

mm, which represents a 11% thinning of the material . For the aluminum sheet, the smallest 

sheet thickness in the same places was 0.99 mm (thinning 17%). The distribution of defor-

mations and their comparison with the forming limit curve, determined according to the 

Keeler model, is shown in Fig. 7. For both materials, the deformations are below the limit 

values, so there is no breakage of the forming when drawing with a rigid punch. 
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(a) (b) 

Figure 6 Thinning of metal sheets when formed by rigid tool: (a) aluminum steet Al6016; (b) steel sheet St14. 

 

 

(a) (b) 

Figure 7. Analysis of fracture at rigid tool forming: (a) aluminum sheet Al6016; (b) steel sheet St14. 

When comparing the results of the simulation of drawing with a rigid tool and rubber 

forming for the material Al6016, there is a greater change in thickness when rubber form-

ing than when forming with a rigid tool (Table 3) - there is greater thinning of the material 

(twice as much as drawing with a rigid tool). The same trend was observed for the 

St14steel sheet, where there was more than double thinning. 

When comparing the strain distribution on the stamping, it is possible to state the 

development of strains in the area of tension-pressure (φ2 < 0) for forming with a rigid 

tool. In contrast, in the case of rubber forming, there is a more pronounced development 

of strains in the area of uniform strains (φ2 = 0) and in the area of tension-tension (φ2 > 0). 

For both materials, a stamping fracture was not identified when rubber formed or when 

formed with a rigid tool. 

 Table 3. Comparison of selected values of numerical simulation. 

  Thickness [mm] Thinning [%] 

Rubber Forming  
steel 0.869 27 

aluminium 0.784 34 

Rigid tool  
steel 1.06 11 

aluminium 0.99 17 
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4. Conclusions 

In this article, the results of a numerical simulation of a cover stamping are presented 

when two technologies – rubber forming and forming with a rigid tool – were considered 

for its production. Two materials for the blank, aluminum Al6016 and steel St14, were 

judged in simulations. For the punch in the case of simulation using rubber forming tech-

nology, the Mooney-Rivlin material model was set, while in the case of simulation using 

rigid tool forming we need to crate the punch and blank holder.   

Based on of the simulation results, it can be stated that a higher quality part can be 

produced using rigid tool forming technology. With Rubber Forming technology, in the 

case of aluminum sheet metal, there is a large thinning of the sheet metal and a large 

springback. The main advantage of aluminum is its lower weight, and when forming with 

a rigid tool, it is possible to produce a product with sufficient quality from aluminum. The 

advantage of rubber forming technology is that there is no need for a punch and a blank-

holder, which are replaced by the elastic rubber. Thus, rubber forming technology is suit-

able for the production of prototype stampings due to the shortening time for die produc-

tion. 
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Abstract: The presented work describes the methodology of production and processing of compo-

site filament as a promising material variant with the possibility of use in the biomedical industry. 

The primary part of the material consists of a polymer mixture containing the following materials: 

poly (lactic acid) (PLA): 85% by weight, polyhydroxy butyrate (PHB): 15% by weight, tris aminocy-

clopropenium (TAC): 5% proportion of the total weight of the mixture. The ceramic admixture con-

sists of the following materials: hydroxyapatite (HA) and tricalcium phosphate (TCP), with a con-

tent of 10% by weight. Medically certified materials were used in the production. The production 

took place on the product line of devices and equipment (Filamentmaker, Dryer) from the company 

3Devo, the Netherlands. The work includes a list of optimal conditions to produce filament intended 

for 3D printing, but also the necessary software modifications in the pre-processing phase. The re-

sult is a 3D print of an experimental sample using a Deltiq 2 device (Trilab, Czech Republic) de-

signed for mechanical tensile testing. 

Key words: extrusion; filament production; optimization; ceramics; composite material; 3D printing 

 

1. Introduction 

3D printing, also known as rapid prototyping or additive manufacturing, describes 

a process in which a computer-aided design (CAD) product is created by a layered appli-

cation [1,2]. Unlike conventional manufacturing processes such as injection moulding, 3D 

printing ushered in an era of design freedom and enabled the rapid production of cus-

tomized objects with complex geometries [3,4]. One of the main advantages of 3D printing 

is the ability to directly convert the concept into the final product in a convenient and cost-

effective way. 3D printing has been used in industrial design since the 1980s. However, it 

has only adapted to medical use in the last decade [5,6]. Imaging data from routine com-

puted tomography (CT) or magnetic resonance imaging (MRI) can be converted to a CAD 

file using a variety of 3D software programs. 

While a range of 3D printing techniques have been developed for industrial applica-

tions, stereolithography (SLA), multi jet modeling (MJM), selective laser sintering (SLS) 

and fusion deposition modeling (FDM) are the main technological approaches that have 

also been explored in a clinical setting [7]. The FDM 3D bioprinting method is a common 

and simple method of using thermoplastic filaments as a bioprinting material [8]. The fi-

bers are melted in the head of the 3D printer by heating and then used to create 3D struc-

tures. 

Materials engineering is considered worldwide as a top priority for innovation and 

technological growth. Synthetic materials (such as PCL, PLA, PEG, PEEK) offer greater 

advantages over natural materials in that they can be adapted to specific physical proper-

ties and have greater uniformity than natural materials [9]. Mixing several materials and 
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adding additives (ceramics, carbon fiber, glass fiber) can significantly modify the mechan-

ical and biological properties of the composite. When replacing bone tissue, the strength 

characteristics of a particular bone make it possible to adapt the mechanical properties of 

the implant by adding a certain percentage of the additive [10]. 

Both PLA and PHB are biodegradable polyesters and are used in consumer products 

by several industrial sectors due to their biocompatibility, biodegradability, and sustain-

ability. They have comparable thermal and mechanical properties to conventional poly-

mers, which has aroused great interest in investigating their physical properties for po-

tential medical applications [11]. Attention has focused primarily on use in combination 

with ceramic additives. 

In recent years, many favorable reports have been published on the use of bioactive 

materials such as HA and TCP as replacements for defective bones or teeth in dental, max-

illofacial and orthopedic surgery. From a chemical point of view, they are known to be 

biocompatible, bioactive (i.e. have the ability to form a direct chemical bond with sur-

rounding tissues), osteoconductive, non-toxic, non-inflammatory and non-immunogenic 

substances [12]. However, the use of HA-based systems was not entirely satisfactory due 

to the possible mobilization of free HA particles from the implant site with their possible 

migration outside the intended area [13]. To overcome these problems, common plastic 

materials, including poly glycolic and lactic acid (PLGA), PLLA and PCL, have been com-

bined with HA and TCP (α-TCP, β-TCP) particles to form composite materials [14]. 

 The aim of the work is to describe the methodology of filament production from 

PLA/PHB materials with ceramic admixture (HA, TCP) by extrusion. The resulting fila-

ment is then used for 3D printing of experimental samples. The task was to find the opti-

mal parameters for the production and processing of 3D printing. 

2. Methodology of printing fiber production 

A mixture of PLA/PHB (85/15), TAC (5%) and ceramics was used to produce the tar-

get filament. The TAC additive contributes to the softening of the compound. The ceramic 

component consisted of two materials: TCP and HA (Captal®, UK). Both ceramic materi-

als represented 10% by weight. The particle sizes of the ceramic powder were as follows: 

TCP (2-6μm), HA (<15μm). The pre-mixed material in the form of pellets was supplied in 

vacuum packs to prevent the absorption of moisture and impurities. Nevertheless, the 

pellets had to be dried before extrusion. The material was dried on an Airid Polymer 

Dryer (3devo, The Netherlands). The drying temperature was set at 45 ° C for 4 hours after 

consultation with the equipment manufacturer. The drying process was performed to re-

move unwanted moisture during material transport, as the moisture of the material can 

affect the filament extrusion process itself [15]. 

2.1. Description of extrusion and optimal parameters in filament production 

The process of transformation from pellets to fiber suitable for FDM 3D printing took 

place on a specialized equipment Filamentmaker - Composer series (3devo, The Nether-

lands), see Figure 1. Prior to extrusion, the equipment was placed in an air-conditioned 

room with a temperature of 18˚C due to temperature adjustment. The device comprises 4 

consecutive heating elements (material displacement direction: #4→#3→#2→#1), which 

gradually heat the material inside the horizontally positioned chamber. The Composer 

series has a rotating screw with a mixing element at its end. Using this screw, the material 

is transported from the hopper towards the nozzle of the device. Behind the nozzle is a 

filament diameter sensor and a traction system for moving the filament towards the spool. 

The mixing element also contributes to the perfect distribution of ceramics in the material. 
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                                 Figure 1. Extrusion process using the Filamentmaker - Composer series 

Since there was a cleaning material - HDPE material - in the chamber of the device 

after the last extrusion process, it was necessary to heat the device to temperatures that 

would melt the material. The temperature of 180˚C was set. This temperature was also a 

suitable starting point for the PLA/PHB/CER material. At these temperatures of heaters, 

after the pellets were loaded to the hopper, the outlet material appeared to be sufficiently 

viscous, as evidenced by compliance with the recommended value of the current drawn 

by the motor (approximately 2000mA). After the time when the HDPE material was com-

pletely replaced by the PLA/PHB/CER material, it was necessary to change the device 

settings based on a visual inspection of the output. Variables that have a significant effect 

on the extrusion result include ambient temperature, RPM (revolution per minute) and 

heater elements temperatures. The aim was to stabilize the flow through the nozzle and 

achieve a constant filament diameter - 1.75 mm. You can see the optimal combination of 

variables in Table 1. 

 

  Table 1. Optimal settings of the device in the production of PLA/PHB material with ceramic admixture 

3. Statistical evaluation of the produced filament 

We consider the composite printing fiber to be the output of the production process 

using the determined optimal parameters of the device (see Figure 2, left). Due to the 

quantitative evaluation of the filament, the device itself has a built-in optical sensor with 

an accuracy of 43μm. Using an optical sensor, it was possible to observe the course of the 

filament diameter during the whole extrusion process with a sampling frequency of 1 sec-

ond. Figure 2 shows the dependence of the measured filament diameter as a function of 

time. 

Heating element  #4 #3 #2 #1  Ambient temperature 

[˚C] 

18 

Set temperature [˚C] 154 175 178 176  Fan output  60 

Real temperature [˚C] 155 175 180 175  RPM [round/min] 3 
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                                     Figure 2. Time course of filament diameter, filament wound on a spool 

From the graphical representation of the diameter, it is possible to record the appar-

ent variation of the curve caused by the fluctuation of the material flow. This phenomenon 

can be attributed to several factors. The speed of the sliding screw tended to fluctuate (± 

0.2 rpm) throughout the extrusion of the material. The addition in the form of a ceramic 

component significantly increased the viscosity of the material, making it more difficult 

for the propulsion system to maintain a constant RPM. Another factor was the deviations 

of the real temperatures from the values of the temperature of the radiators determined 

by us, as well as the room temperature. The diameter value was maintained between 1.862 

and 1.638 mm. The results of the Filamentmaker, which is not intended for large-scale 

industrial production, must also be included in the results. For a quantitative description 

of the average, the record was evaluated using descriptive statistics (see Table 2). 

                                              Table 2. Basic characteristics of filament diameter variability 

 

 

 

 

Based on the values proved above, it is proved that with the help of the determined 

device settings (heater temperatures, RPM, fan output, ...) it is possible to produce a fila-

ment with a total average diameter of 1.7493 mm. This data is the result of 1919 partial 

measurements of the optical sensor. The largest deviation from the required value of 1.75 

mm was measured in a unique extreme case, i.e. + 0.112mm. Based on the positive skew-

ness coefficient, we can say that the diameter of the produced filament had for the most 

part smaller values than the nominal value of 1.75 mm.     

4. Optimization of 3D printing using PLA/PHB/CER filament 

33D printing of experimental samples took place on a Deltiq 2 device from the man-

ufacturer Trilab (Czech Republic). The mentioned printer works on the principles of FDM 

technology. Due to the planned mechanical tensile tests, the geometric shape of the com-

puter model was identical to the test specimen given by the standard STN EN ISO 527-2, 

specifically type 5A (Figure 3). The last step before 3D printing of experimental samples 

was to find the appropriate software settings that the printer works with. Simplify3D soft-

ware was used for this purpose. Main compound component, therefore the general con-

figuration for this material was chosen. You can see the basic printing parameters in Table 

3. 

Maximum value [mm] 1.862  Standard deviation [mm] 0.032389 

Minimum value [mm] 1.638  Variance [mm2] 0.001049 

Average [mm] 1.7493  Skewness of a distribution 0.135248 

Variation range [mm] 0.224   
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                                           Table 3. Parameters used in the process of production of experimental samples 

 

 

 

 

A major change from the general configuration for the PLA material was made in the 

material flow tuning (Extrusion Multiplier), where the value was changed from 1.0 to 1.4. 

This step significantly increased our flow, which affected the print quality. The best results 

were obtained at temperatures: nozzle  215˚C, printing bed  70˚C (see Figure 3-B). The 

print head feed speed was reduced to 20 mm/s due to the higher viscosity caused by the 

ceramic. 

 
                             Figure 3. Experimental sample: A-in the Simplify3D software environment, B-after the 3D printing process 

6. Conclusion 

The result of the presented work is a brief description of the production and pro-

cessing of filament from PLA/PHB/CER composite material. Based on the presented pa-

rameters of the extrusion equipment, it is possible to produce a filament with a diameter 

value of 1.7493 mm. Proof of the correctness of the set parameters is the long-term extru-

sion process without major diameter deviations. By configuring the 3D printing process 

in the Simplify3D software, it is possible to print the given experimental samples for me-

chanical testing, namely tensile tests of sufficient quality. 
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Abstract: The paper deals with the development of a unique rotation module with an unlimited 

degree of rotation. It is possible to build a modular manipulator from identical modules, which can 

be used in various applications not only in the field of mechanical engineering. The following article 

highlights the design of the URM module individually and at the same time the possibility to build 

a manipulator. Study of utilization of working space of assembled manipulator and wireless trans-

mission of energy, which is used as a replacement of cabling in modules for manipulator supply. 

Keywords: manipulator; modularity; rotation, URM.  

 

1. Introduction 

The Universal Rotary Module (URM) is a rotary module with an unlimited degree of 

rotation. It was developed and patented at the Technical University of Košice, Faculty of 

Mechanical Engineering, Department of Production Systems and Robotics. The author of 

the patent is prof. Ing. Jozef Svetlík, PhD. This solution is suitable for machines and equip-

ment that need unlimited freedom of rotation in their operation.  The modular principle 

is fully utilized in the design and construction of the module, that allows to assemble 

different machines and equipment using one type of module. In case the assembled ma-

chine is not suitable or it is necessary to assemble another one, thanks to the complete 

modularity it is possible to rebuild the initial solution and use the modules also in other 

applications. The proposed machines and devices can achieve different movement possi-

bilities and degrees of freedom using the unlimited rotation of two adjacent modules, 

which are interconnected by movement linkage [1]. 

2. Rotary Module 

The module is designed in a cylindrical shape. For this reason, all components are 

stored in the inner module body so as not to interfere with the module during unlimited 

rotation. Another reason for such storage of parts is permanent protection of components 

against environmental influences (Figure 1). 

To ensure compatibility between servomotor, gearbox and encoder, each module has 

been equipped with a FAULHABER engine set. The encoder, servomotor and transmis-

sion are connected in series, individual components are firmly connected to prevent dam-

age to the device during operation. The entire engine set is located in the center of the 

module and is mounted in the motor holder to protect it sufficiently from damage [2]. 

Due to the limited space in the URM, it was not possible to use commercially availa-

ble boards, such as. Arduino or Raspbery Pi and the like. A tailor-made control board has 

been designed for the solution to meet all the requirements expected of it. Information is 

transmitted via Bluetooth. A series of tests have also shown the range of the bluetooth 

signal to a distance of approximately 30m, provided there are no major obstacles in the 

way. As a result, the safety clearance for the control of URM can be achieved even over 
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longer distances. The URM is controlled via a GUI that can run on any mobile device. The 

module's control board, together with the Bluetooth transmission interface and three bat-

teries, are located inside the module body. The control board is directly supplied to the 

motor part of the module, which consists of the FAULHABER engine set [3]. 

The role of the accumulators in the URM is to cover the power supply of the motors 

during the whole operation of the module. They also serve as a temporary backup power 

source in the event of a power failure during operation. The accumulators will be contin-

uously recharged using the proposed magnetic induction power module technology.

  

Figure 1. Rotary module with an unlimited degree of rotation 

The URM was equipped with a new type of engine set, namely 1741U024CXR-IEH3-

4096 + 20 / 1R-159: 1 [4]. The engine set includes:  

1. DC - servomotor FAULHABER model 1741U024CXR: 

• End resistance  R – 26,9 

• Nominal voltage  UN - 24 V 

• Maximum speed  n max. - 9,000 rpm 

• Maximum efficiency η max. - 75% 

• Torque   MH – 26,2 mNm 

2. Gearbox FAULHABER type 20 / 1R: 

• Number of gears  4 

• Gear ratio   159:1 

• Maximum efficiency 60% 

• Torque   800 mNm 

3. Encoder FAULHABER type IEH3-4096: 

• Frequency range  f - 875 kHz 

• Supply voltage  UDD – 4,5 – 5,5 V 

• Phase shift between  A-BΦ - 90 ± 75 °e 

The basic parameter of URM is the angle of curvature of the interconnecting passive 

members. This is a homogeneous structure so that the curvature of each manipulator 

module will be the same (Figure 2).  

A homogeneous structure with 5 ° freedom of movement was subjected to a series of 

simulation tests with different angles of curvature of the passive members. The analysis 

of the workspace of the individual series structures with different angles of curvature of 

the couplers has revealed that the more the angle of curvature of the coupler increases, 

the more the work space of the individual series structures increases [5]. With a 30 ° and 

45 ° curvature angle, the Z-axis working space is slightly smaller than the 60 ° and 90 ° 

curvature structures. 
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Figure 2. Possible passive members of URM 

 

Figure 3. Comparison of the workspace sizes 

Numerically generated general variables (rotation angles of the modules) in the ma-

trices were inserted in the interval of (0, 2π) and the tact of 1/2 of the radian. For the best 

coverage of the simulation area of the degree of curvature of the passive module, 4 degrees 

of curvature angle were selected, particularly those of 30°, 45°, 60° and 90° (Figure. 2).  

The 60° structure was chosen as the most suitable structure by curving the coupler. 

Using the partial transformation matrices and the overall transformation matrix, the 

points for the modular series structure workspace with 5 ° freedom of movement and  

60 ° curvature of the coupler were calculated. 

3. Wireless Transmission of Electricity 

The key to the possibility of unrestricted rotation of the proposed motion module is 

the non-contact mode of energy and data transmission. The principle of wireless power 

transmission is based on an electromagnetic field (Figure 4) [13].  

Individual variables express L1 - transmitter coil with diameter D, L2 - receiver coil 

with diameter D2, z - distance between coils, B - magnetic flux. The main factors affecting 

transmission efficiency are coil diameters D, D2 (mm), distance z (mm), coil offset d (mm). 

Obviously, the greater the distance between the coils, the angle of rotation between them, 

and also the mutual offset, the lower the power transfer capability. 
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Figure 4. Basic principle of induction pair of loops for wireless power transmission (left), wireless 

module for data transmission NRF24L01 model E01-ML01DP5 (right) 

This is due to the lower magnetic flux of the transmitter, because the magnetic field 

becomes thinner by distance. Therefore, it was important to place the coils in the module 

as close as possible [14]. 

Each device consists of two coils, one coil being a transmitter and the other coil a 

receiver. The transmitter coil creates a magnetic field around itself when connected to an 

electrical circuit. As soon as the receiving coil reaches the effect of this field created by the 

transmitter, the magnetic field changes to the electric current in the receiving coil. One of 

the disadvantages of the described solution is the loss, since neither of these transfor-

mations is 100% effective.  

For URM module we used wireless data transmission via nRF module. nRF is a wire-

less module that enables communication between boards. In our case, it will be used for 

communication between URM modules that will be connected to the serial kinematic 

structure, as well as between the module and the control computer, which will send the 

necessary information to it. 

4. Materials of Mechanical Parts 

The originally considered design of the URM module provided for the use of metallic 

materials for all mechanical parts. However, the high weight of the metal parts caused the 

malfunction and unfavorable movement properties of the modules. Until now, all me-

chanical components of the modules were made of metallic materials, namely aluminum 

alloys EN AW 6060 AlMgSi0,5 (outer module cover), EN AW 6082 AlMgSi1 (motor 

holder), EN AW 7075 AlZnMgCu1,5 (other parts of the module). These alloys no longer 

allow for further significant weight reduction by design modifications and will therefore 

be replaced by components made of composite materials. 

For the production of angular members and other mechanical parts for URM, 3D 

printing of the composite was chosen due to the simplicity, speed and accuracy of pro-

duction. 

The Markforged Mark Two 3D printer was used for production. The advantage of 

this 3D printer is the printing of continuous reinforcement of carbon fibers or HSHT fiber-

glass and thus obtain quality products with high strength (comparable mechanical prop-

erties with aluminum alloys) and low weight. 

The printer prints the reinforcement inside the plastic matrix. Onyx Filament consists 

of two parts: nylon and small carbon fiber particles. Onyx is used as a thermoplastic ma-

trix for composite parts The table compares the mechanical properties of Onyx and ABS 

plastic (Table 1). Markforged offers a choice of several reinforcement materials such as 

carbon fiber, Kevlar, HSHT, fiberglass. In the table (Table 2) there is a comparison of the 

mechanical properties of the two most suitable materials for reinforcement. The compar-

ison shows that carbon fiber was a suitable material for the production of parts for URM 

02 as a reinforcement of the composite matrix [15, 16]. 
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Table 1. Mechanical properties of selected thermoplastics [15] 

 ABS Onyx 

Density (g/cm^3) 1,04 1,2 

Modulus of elasticity (MPa) 2095 1401 

Tensile strength (MPa) 29,5 36 

Deformation at yield 

strength (%) 
1,8 25 

Breakdown stress (MPa) 22,9 30 

Deformation at break (%) 16,3 58 

Table 2. Mechanical properties of reinforced materials [15] 

 Carbon fibers HSHT fiberglass 

Density (g/cm^3) 1,4 1,5 

Tensile strength (MPa) 800 600 

Tensile modulus (GPa) 60 21 

Tensile stress at break (%) 1,5 3,9 

Flexural strength (MPa) 540 420 

Flexural modulus (GPa) 51 21 

Flexural stress at break (%) 1,2 2,2 

5. Modular Manipulator 

Manipulators having at least 6 ° freedom of movement must be assembled to allow 

full handling. This is possible thanks to the URM, which allows us to assemble the manip-

ulators from identical separate rotary modules (Figure 5). Modules are interconnected by 

hard link in serial system to kinematic structure of robotic arm. Thanks to the intercon-

nection of different numbers of URM 01 modules it is possible to assemble a modular 

manipulator with a working space of different scope, movement and shape [8]. The work-

space study was elaborated in chapter III.  

In order to assemble modular kinematic structures with different degrees of freedom 

or different workspace sizes and shapes, passive couplers with different curvature angles 

have been developed for the URM [10]. Each passive member comprises at the bottom a 

transfer board and at the top a four contact needles. The transfer plate has the same contact 

surfaces as in the URM module and these surfaces are connected to the contact needles. 

This interconnection ensures the energy flow between the active URM modules (Figure. 

5). 

  

Figure 5. Kinematic chain composed of URMs for object manipulation (left) and passive member 

(right) 

6. Conclusions 

The rotary module with an unlimited degree rotation (URM) makes it possible to 

build a universal manipulator that can be used in various applications in and outside the 
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mechanical engineering field. The cylindrical design and the placement of all engine parts 

and electronics inside the module allow unrestricted rotation of adjacent modules. This is 

supported by the use of wireless transmission of electricity between modules. A study of 

the workspace shows that the best interface member is a passive coupler with an angle of 

60° to move the manipulator efficiently within the workspace. The aluminum alloy was 

replaced with a continuous carbon fiber reinforced composite material for passive mem-

bers. The production of parts was realized by additive technology. For all parts, the weight 

was reduced by more than 40%, which results in a reduction from the original combined 

weight of 2499.65g to 1402.64g, which represents a relief of 43.89%. 
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Abstract: The aim of the paper is to compare the sound absorption of material samples obtained by 

the prediction method and measurement. The purpose is also to compare the acoustic performance 

of conventional and natural insulation material. The Delany-Bazley model, which uses airflow re-

sistance as the sole property of the material, was used to predict the sound absorption coefficient α. 

The experimental measurement was performed on an impedance tube based on the method of trans-

formation function and two microphones according to ISO 10534-2. Samples of two materials, min-

eral wool and hemp, were used for testing. The highest and lowest value for hemp was measured 

at a thickness of 40 mm. frequency 1000 Hz (α = min. 0,09 – 100 Hz; max. 0.94 - 1000 Hz). The mineral 

wool sample achieved the highest absorption at 2500 Hz (α = 0.83) and the lowest at 100 Hz (α = 

0.13). The prediction according to Delany and Bazley proved to be reliable with the exception of low 

frequencies. 

Key words: sound absorption coefficient; impedance tube; Delany-Bazley model, mineral wool, 

hemp 

 

1. Introduction 

The deteriorating state of construction waste production and management is also 

stimulating research in the field of acoustics. At present, the development is aimed at im-

proving the environmental footprint of existing acoustic or thermal insulation materials, 

but also at researching natural materials with better environmental impacts. Several stud-

ies have been devoted to the comparison of synthetic materials with natural alternatives 

from an acoustic and environmental point of view [1,2,3]. Available methods of testing 

materials for acoustic purposes are related to this issue. 

The most used method of measuring the sound absorption of materials in the case of 

small samples is the impedance tube and the method of the transformation function using 

2 microphones. 

Several models have been developed to model the acoustic properties of porous ma-

terials, the most common of which are Delany-Bazley [4,5], Delany-Bazley-Miki [6] and 

Johnson-Champoux-Allard [7,8]. Some of them have been simplified by several authors 

[9] or adapted to the requirements of the material [10,11,12,13]. These models are based 

on taking into account various non-acoustic material parameters such as porosity, airflow 

resistance, tortuosity, thermal permeability and viscous and thermal characteristic length. 

In the case of the Delany-Bazley model, it is necessary to know only one property of 

the material, which is the air flow resistance for a given thickness. This physical quantity 

can be obtained by measurement, calculation based on other material properties or spec-

ified by the material manufacturer. The model was compared with several other predic-

tion models in [14,15,16,17]. 
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The aim of this study was to determine the accuracy of the Delany-Bazley model 

prediction based on a comparison of the calculated values with the measured values. The 

benefit is also a comparison of the acoustic performance of mineral wool as a conventional 

material with the acoustic performance of hemp as its natural alternative. 

2. Materials and methods 

Testing materials were obtained from local suppliers of insulation materials from Slo-

vakia. The samples were cut by water jet technology from smaller pieces of whole boards 

of mineral wool and hemp. The measurement in the impedance tube requires circular 

samples with a diameter of 60 mm. The samples were tested in thicknesses of 40, 60 and 

80 mm (Fig. 1-2). 

 

  
Figure 1. Mineral wool samples: thickness 60, 

80, 100 mm 

Figure 2. Hemp samples: thickness 60, 80, 100 

mm 

2.1. Determination of sound absorption coefficient (α) by prediction - Delany-Bazley model 

Based on a large number of measurements of fibrous materials with a porosity ap-

proaching 1.00, Delany and Bazley proposed empirical expressions for the values of the 

complex wave number kc and the characteristic impedance Zc - quantities needed to cal-

culate the surface impedance Zs and the sound reflection factor r. The use of the model is 

conditioned by the boundary condition 0.01 <f / σ <1.00. The following relations apply to 

the calculation of the sound absorption coefficient α according to the Delany-Bazley 

model [18]: 

 
𝑍𝑐 =  ρ0𝑐0 [1 +  0,0571 (

ρ0𝑓

𝜎
)

− 0,754

−  𝑗0,087 (
ρ0𝑓

𝜎
)

− 0,732

] (1) 

 
𝑘𝑐 =  

𝜔

𝑐0

[1 +  0,0978 (
ρ0𝑓

𝜎
)

− 0,7

−  𝑗0,089 (
ρ0𝑓

𝜎
)

− 0,595

] (2) 

 𝜔 = 2𝜋𝑓 (3) 𝑍𝑠 =  −𝑗𝑍𝑐  cot(𝑘𝑐𝑑) (4) 

 
𝑅 =  

𝑍𝑠 −  ρ0𝑐0 

𝑍𝑠− ρ0𝑐0 

 (5) 𝛼 = 1 −  |𝑅|2 (6) 

where ρ0 - air density [N.m-2], 𝜔 - angular frequency [s-1],  

 𝑐0  - speed of sound [m.s-1], 𝑑 - sample thickness [m],  

 𝑓 - frequency [Hz], 𝑅 - sound reflection factor [-].  

 𝜎 - air flow resistivity[N.s.m-4],    

 

2.1. Determination of sound absorption coefficient (α) by measurement in an impedance tube 

An impedance tube from the manufacturer BSWA TECH - model SW466 and the 

transfer function method were used for the measurement. The measurement took place in 

two frequency bands (100 - 800 Hz and 400 - 2400 Hz), which were combined with the 

VA-LAB IMP software into the resulting frequency band of 100 - 2400 Hz. The figures 3-4 

show the connection of the measuring chain for both frequency bands. 



Novus Scientia 2022 2  of 6 
 

324 

 

  

Figure 3. Measurement chain diagram for sound ab-

sorption coefficient in the frequency band 400 - 2500 

Hz: 0 - microphone holder, 1, 2 - microphones, 3 - sam-

ple, 4 - sound source, 5 - amplifier, 6 - signal generator, 

7 - frequency analysis system) [19] 

Figure 4. Measuring chain for the sound absorption coefficient in the 

frequency band 100 - 800 Hz in real conditions 

2.1.1. Mathematical determination of sound absorption coefficient using the transfer function 

method (Two-microphone method) 

In this method, plane waves in a tube are generated by a sound source and decom-

position of the interference field is achieved by measuring the acoustic pressures at the 

two positions of the microphones located on the wall of the tube (Fig. 5). The sound ab-

sorption coefficient is determined from the transfer function H12 (equation (11)). 

     
Figure 5. Schematic of two microphones method, x1 - distance between sample and farther micro-

phone, x2 - distance between sample and closer microphone, s - distance between two microphones 

(s = x1 – x2), pI - sound pressure of incident wave, pR - sound pressure of reflected wave, d - sample 

thickness [20] 

The following applies to the acoustic pressures p1 and p2 in the two microphone po-

sitions [21]: 

 𝑝1 = �̂�𝐼𝑒𝑗𝑘0𝑥1 +  �̂�𝑅𝑒−𝑗𝑘0𝑥1  (7) 𝑝2 = �̂�𝐼𝑒𝑗𝑘0𝑥2 + �̂�𝑅𝑒−𝑗𝑘0𝑥2  (8) 

 

The transfer function for the incident HI wave and the reflected HR wave has the form: 

 𝐻𝐼 =
𝑝2𝐼

𝑝1𝐼

𝑒−𝑗𝑘0(𝑥1− 𝑥2)=  𝑒−𝑗𝑘0𝑆
 (9) 𝐻𝑅 =

𝑝2𝑅

𝑝1𝑅

𝑒𝑗𝑘0(𝑥1− 𝑥2)=  𝑒𝑗𝑘0𝑆
 (10) 

 

The transfer function for the total sound field H12 can be formulated using equations 

(7) and (8), and keeping �̂�𝑅 = 𝑟𝑝𝐼 , as:   

 
𝐻12 =  

𝑝2

𝑝1

 =  
𝑒𝑗𝑘0𝑥2 +  𝑟𝑒−𝑗𝑘0𝑥2

𝑒𝑗𝑘0𝑥1 +  𝑟𝑒−𝑗𝑘0𝑥1
 (11) 

The sound reflection factor r in the reference plane (x = 0) can now be determined 

from the measured transmission functions, the distance between the sample and the far-

ther microphone x1 and from the complex wave number k0. By transposing equations (11), 

(9) and (10), the sound reflection factor 𝑟 can be derived: 
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𝑟 =  

𝐻12 − 𝐻𝐼

𝐻𝑅 −  𝐻12

𝑒2𝑗𝑘0𝑥1  (14) 

 

The following applies to the sound absorption coefficient α: 

 𝛼 =  1 −  |𝑟|2   [−] (15) 

3. Results and discussion   

The sound absorption coefficient is a dimensionless number and ranges from 0 (ab-

solute echo) to 1 (absolute absorption). A comparison of the sound absorption coefficient 

of mineral wool and hemp obtained by measurement and calculation is shown in Figures 

6-7 for the individual thicknesses. 

   

a) b)               c) 

Figure 6. Comparison of mineral wool sound absorption coefficient values obtained by impedance tube measurement and 

calculation according to the Delany-Bazley model: a) 20 mm, b) 40 mm, c) 60 mm 

        

At all thicknesses of 40, 60 and 80 mm, the measured sound absorption of the mineral 

wool gradually increased together with the frequency (40 mm: α = min. 0,13 (100 Hz) – 

max. 0,83 (2500 Hz); 60 mm: α = min. 0,22 (100 Hz) - max. 0,81 (2500 Hz); 80 mm: α = min. 

0,29 (100 Hz) - max. 0,77 (2500 Hz)). At a thickness of 60 mm, the values increased in the 

frequency band 100 - 400 Hz compared to a thickness of 40 mm. On the contrary, in the 

range of 500 - 2500 Hz, the values increased compared to those measured in 40 mm. At a 

thickness of 80 mm compared to 60 mm, higher absorption was measured only at a fre-

quency of 100 and 125 Hz. At the frequency of 160 Hz, the same absorption was found in 

both thicknesses, and in the frequency band from 200 to 2500 Hz, the values gradually 

decreased compared to the 60 mm sample.                     

   

   
a) b)               c) 

Figure 7. Comparison of the values of the sound absorption coefficient of the hemp sample obtained by measurement in the 

impedance tube and calculation according to the Delany-Bazley model: a) 20 mm, b) 40 mm, c) 60 mm 
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An R-F-R trend (rising-falling-rising) was observed in the curves of the measured 

values for hemp. At a thickness of 40 mm, the sound absorption capacity of the hemp 

sample increased up to the frequency of 1000 Hz, where the maximum was reached (α = 

min. 0,09 (100 Hz) – max. 0,94 (1000 Hz)), then slowly decreased (α = 0,93 - 0,84 (1250 – 

2500 Hz)). The values measured at the thickness of 60 mm increased up to a frequency of 

800 Hz (α = min. 0,14 (100 Hz) - 0,87 (800 Hz)), decreased slightly at a frequency of 1000 

Hz (α = 0,78), and from 1250 Hz (α = 0,79) increased again with the highest value recorded 

at 2500 Hz (α = max. 0,91). At a thickness of 80 mm, the sound absorption coefficient in-

creased up to frequency of 630 Hz (α = min. 0,21 (100 Hz) – 0,85 (630 Hz)). The rise trend 

was interrupted in the frequency range 800 - 1250 Hz (α = 0,82 – 0,59) and resumed from 

1600 to 2500 Hz (α = 0,83 – max. 0,87). The data show that the higher the thickness of the 

material, the lower the frequency at which the decrease occurred (40 mm – 1000 Hz, 60 

mm – 800 Hz, 80 mm – 630 Hz). The highest and lowest absorption was achieved at the 

thinnest thickness of 40 mm, but values very close to this maximum were also measured 

at a thickness of 60 mm.  

As can be seen from the graphs for both materials, the Delany-Bazley model copied 

the measured curve with differences of several hundredths. The largest difference com-

pared to the experimental values occurred in the frequency band 100 - 200 Hz (0.4 - 0.16). 

The closest differences were achieved from 1250 to 2500 Hz (0.01 - 0.03). 

5. Conclusions 

The Delany-Bazley model showed reliable results with the exception of the low fre-

quency band from 100 to 200 Hz, in which the values tended to fall below the measured 

values by a difference greater than the middle and higher frequencies. The most accurate 

results were recorded at high frequencies from 1250 to 1500 Hz.  

Hemp is one of the more sustainable materials, as the plant is able to reach a height 

of 4,5 m in 120 days and from one hectare it is possible to collect 12 tons of dry raw mate-

rial, from which 8 tons of material is produced. In addition, it does not need any herbicides 

or insecticides and can be grown on the same soil for several years [22]. Mineral wool has 

excellent acoustic properties, but the most waste rock wool consists of three major com-

ponents—silicon dioxide (SiO2), calcium oxide (CaO), and aluminum oxide (Al2O3). These 

contaminants pose the biggest hurdle to recycling efforts, making it the most apparent 

reason behind million tons of waste rock wool piling up every year in landfills [23]. 

It follows from the findings that hemp can acoustically replace mineral wool, as it 

often achieves better or very similar values of the sound absorption coefficient. However, 

if hemp is to serve as an acoustic absorbent in combination with other purposes, the sub-

stitutability of other key properties must be the subject of further studies. 
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Abstract: Graphene and its associated nanostructures (GANS) have been studied in detail over 

the last decades using both experimental and numerical methods. These structures are characterized 

by exceptional mechanical and other physical properties, which predisposes GANS to become 

the most important material technologies of the future in the aerospace, automotive, medical or mil-

itary sector. The finite element method (FEM) is one of the most important numerical methods used 

for GANS analysis. FEM is a standard method of analysis and simulation of structural and mechan-

ical elements, but its role in the field of numerical simulation GANS is still growing. This article 

documents the extensive use of FEM in nanostructures research. To this end, several research papers 

related to the analysis of mechanical properties of nanomaterials using the finite element method 

have been examined. This article will be used for future research in the field of graphene and nano-

tubes analysis, analyzing not only already applied research methods and their results, but also new 

research directions in the context of nanostructure simulations and input data for these simulations. 

Keywords: nanomaterials; graphene; nanotubes; numerical analysis; Finite Element Method 

 

1. Introduction 

Graphene, which was discovered in 2004, began to be used in several branches of ap-

plied science and engineering due to its excellent properties. This paper focuses 

on the study of the mechanical properties of graphene and related nanostructures 

(GANS). Research in this area is based on two aspects: 

1. methods designed/used to obtain as much information as possible on GANS,  

2. results obtained by applying the proposed new methods. 

In the first point, extensive experimental and numerical analyses were performed to 

study GANS, while they continue to focus primarily on numerical methods. The finite 

element method (FEM) is currently one of the most widely used numerical methods for 

GANS analysis, so this article also documents its widespread use and impact in the field 

of nanostructures. As for the second point, the results obtained include in particular elec-

trical, mechanical, thermal, electronic, magnetic properties as well as medical, environ-

mental, chemical and biological aspects. In this article, we will limit ourselves to the cur-

rent state of affairs and results from the study of mechanical properties. The general 

knowledge of FEM and GANS is mentioned at the beginning. The following section lists 

the main numerical methods currently available for the study of GANS, as well as some 

of the most relevant works involving finite element modeling and prediction of GANS 

mechanical properties. Finally, the main recommendations for nanostructure research us-

ing FEM for the future are summarized [1]. 

2. General knowledge of finite element method and nanostructures 

The finite element method has been evolving in the field of engineering since 1943 

and is one of the most widespread numerical methods. The method is based on discreti-

zation of a large area to a finite number of elements and subsequent calculation and anal-

ysis of the behavior of individual elements [1].  
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Graphene is a planar group of carbon atoms that are joined by sp2 C-C covalent bonds 

to form hexagonal cells. An illustration of these bonded carbon atoms can be seen in Fig-

ure 1. The arrangement of the carbon atoms can lead to both single-layer and multi-layer 

structures. Graphene is available on the market in the form of graphene oxide, reduced 

graphene oxide, graphene nanoplates or graphene flakes. The best-known forms of GANS 

include carbon nanotube (CNT), a rolled cylindrical version of graphene that can be syn-

thesized by chemical vapor deposition or in an arc discharge process (Figure 1). We dis-

tinguish between single-walled or multi-walled nanotubes [2]. 

In particular, researchers are taking advantage of the structural benefits of CNTs by 

building networks of long CNTs. Other types of nanostructures are e.g. buckyball, spher-

ical version of graphene that can be synthesized by the laser ablation process, graphene 

nanobands, flat versions of graphene with a high aspect ratio that can be synthesized by 

exfoliation and chemical vapor decomposition, carbon nanocoils, which are spiral forms 

of CNTs and can be synthesized by catalytic thermal decomposition and many others 

such as carbon nanocon, graphane, graphene nanofluoride, graphene nano-islands and 

intact graphene itself [2]. 

Scientists are also exploring the possibilities of interconnecting individual nanostruc-

tures and their properties. Researches present the possibilities of different configurations 

of carbon nanorings by connecting several multilayer nanotubes or a concept known as 

pillared graphene structure (PGS), which was created by combining several graphene 

sheets and nanotubes to create a 3D structure. The study also includes synthetic foams 

such as carbon graphitic foams, graphene-based fabrics, vertically arranged nanoareas, 

hybrid structures that combine two-layer graphene plates with double-walled nanotubes, 

or even graphene kirigami with a negative Poisson number [3]. 

3. FEM as a tool for analysis of graphene nanostructures

The first step in the implementation of FEM for the analysis of properties and behav-

ior of structures of atomic and subatomic dimensions was the connection of FEM with 

molecular dynamics (MD) or molecular mechanics (MM). In this way, it was possible to 

link the behavior at the nano level with the behavior at the macro level. Several studies 

that have addressed this link have subsequently concluded a correlation between the two 

methodologies. When measuring the deformation of graphene sheets using both MD and 

FEM, the discrepancy in the results was only 5%. Another study examined torsions 

in nanotubes using both FEM and MM and found that both methods provided identical 

results for torsion angles and shear stress. The use of both MD and FEM in the analysis 

of bending and torsional stress energy in double-walled nanotubes also led to correspond-

ing results. All these studies therefore led to the conclusion that the FEM serves as a reli-

able tool even at nano scales [1]. 

The number of publications focusing on the FEM analysis of nanostructures trying to 

predict their mechanical properties grows every year. However, modified FEM variants 

are also used as tools for designing nanomaterials. The spring-based FEM includes spring 

elements representing C-C covalent bonds, where the properties of the elements are being 

derived from the interatomic force constants of bending, tension and torsion [3].  

Figure 1. Basic types of carbon nanostructures, a) graphene, b) nanotube [4]. 
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3.1. Models of carbon nanostructures 

The most used method of representation of graphene sheet and nanotubes in FEM is 

the method of lattice spatial frame construction. Within FEM, each carbon atom is repre-

sented by a node, and the covalent bond is represented by a finite element. The Timo-

shenko beam, which represents the C-C bond and offers axial, off-plane and planar rota-

tional degrees of freedom, is most frequently mentioned in the literature. The mechanical 

properties of this bond, such as E (Young's modulus of elasticity) and G (modulus of elas-

ticity in shear), can be determined by the equations representing the equivalence between 

the deformation energy and the harmonic potential of a hypothetical beam of length L [3]: 

𝑘𝑟

2
(𝛿𝑟)2 =

𝐸𝐴

2𝐿
(𝛿𝑟)2, (1) 

𝑘𝜏

2
(𝛿𝜑)2 =

𝐺𝐽

2𝐿
(𝛿𝜑)2, (2) 

𝑘𝜃

2
(𝛿𝜃)2 =

𝐸𝐼

2𝐿

4+Ф

1+Ф
(𝛿𝜃)2, (3) 

where equation (1) describes the axial deformation, equation (2) the torsional deformation 

of the beams and equation (3) represents the shear deformation along the cross section. 

For circular cross-sections, the shear deformation constant can be expressed as [3]: 

Ф =
12𝐸𝐼𝐹𝑠

𝐺𝐴𝐿2
, (4) 

where Fs represents the shear correction factor, which can be determined as: 

𝐹𝑠 =
6+12𝜈+6𝜈2

7+12𝜈+4𝜈2
, (5) 

Combining equations (4) and (5) into equation (3) leads to a nonlinear relationship 

between the thickness d and the Poisson's constant ν of the equivalent beam [3]: 

𝑘𝜃 =
𝑘𝑟𝑑

2

16

4𝐴+𝐵

𝐴+𝐵
, (6) 

while values of constants are kr = 8,74 × 10-7 Nmm-1, kθ = 9,00 × 10-10 N nm rad-2 a kτ = 2,78 

× 10-10 N nm-1 rad-2. The equivalent mechanical properties of the C-C bond can be calcu-

lated by nonlinear optimization of equations (1) - (3). The C-C bond can then be modeled 

as a two-node beam, where the nodes represent atoms (Figure 2) [3]. 

3.2. Types of elements for nanostructure modeling 

In addition to the use of beam-type elements for modeling C-C bonds (described in 

section 3.1), other types of elements can be applied in modeling these bonds and carbon 

nanostructures, e.g. springs, bars or frames that represent covalent bonds (C-C), or equiv-

alent beams, bars, frames, planar elements, 3D elements, shells or axially symmetric ele-

ments representing the whole carbon nanostructure [2]. 

Most research articles have implemented models where C-C bonds have been represented 

by beam elements of predominantly Euler-Bernoulli and Timoshenko type. Their main 

advantage is the ability to model the tension, bending and torsion of C-C bonds, simplicity 

Figure 2. Two-layer graphene with C-C bond modeled as a two-node beam [5]. 
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and calculation efficiency. The above disadvantages can be eliminated by using a spring 

element, which is also more suitable for analyzing nonlinear behavior. The beam and 

spring model of the hexene graphene cell is shown in Figure 3 [3]. 

3.3. Graphene thickness 

The thickness of the element in the form of its diameter d can be calculated on the ba-

sis of the relations in above section, while the values kr, kθ and kτ are available in the AM-

BER or MORSE format. The condition that must be met is that the cross section of the car-

bon bonding element is considered to be circular. Computational models of nanostruc-

tures with such thickness have been experimentally and analytically verified. However, 

if the carbon nanostructure is a continuum element, e.g. shell or plate, it is common to use 

a thickness of 0.34 nm. This 0.34 nm thickness is derived based on interatomic and inter-

planar distances between carbon atoms in multilayer graphene. Several measurement 

studies show that the thickness of single-layer graphene can vary from 0.4 to 1.8 nm, de-

pending on the type of synthesis. The thicknesses of single-layer graphene and single-

walled nanotubes determined in several publications range from 0.06 nm to 0.5 nm [6]. 

4. Mechanical properties of carbon nanostructures determined by FEM

Research on nanostructures is mainly devoted to the prediction of their mechanical 

properties, which have been mainly correlated with experimentally and analytically de-

termined values. This section will deal with the values of Young's modulus (E), shear 

modulus (G), Poisson's ratio (μ), tensile strength (σT), buckling strength (σv) and vibration 

characteristics. 

4.1. Young's modulus (E) 

E values for graphene and nanotubes vary depending on their structure and the type 

of FEM analysis used. The highest value (2.9 TPa) was found for multilayer graphene us-

ing a space frame approach. The lowest E value for single-layer graphene is 0.35 TPa and 

comes from a combined model of molecular mechanics and FEM. Column graphene, 

a nanostructure formed by supporting graphene sheets with nanotubes which represent 

the function of columns, has values between 0.19 TPa and 0.73 TPa. The lowest value of E 

for single-walled nanotubes is 0.1 TPa, which was measured in a radial direction using 

the FEM space frame approach, while the highest value is 5.3 TPa for a single-walled 

nanotube system using a spatial FEM for wall representation and was found for a large 

zig-zag armchair structure [3].  

4.2. Poisson's constant (μ) 

The wide ranges of these values can be found in the articles for graphene and nano-

tubes. For better comparison, the lowest values within the range were selected to identify 

the stiffest possible nanostructure. The lowest predicted value (-0.001) is determined for 

single-layer graphene and this negative value indicates that graphene can behave as 

an auxetic material. The authors used a FEM space model with the introduction of a force 

of 1 nN/nm along the direction of the armchair structure at both edges, fixing the atoms 

in the center of the sheet. The highest value found is 1.4, when the authors constrained 

one end of the graphene armchair structure and loaded the other using shear and normal

Figure 3. Beam (left) and spring (right) model of a hexagonal graphene cell [3]. 
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force to predict E and G and then used Hooke's law to calculate μ. Such a high value was 

obtained due to the lower dimensions of the graphene (6.4 nm x 4.2 nm). In the area of 

nanotubes, values are available only for single-walled nanotubes, which range from 0.06, 

for the armchair structure with the constraint at one edge and the load at the other 

(the length of the nanotube was 24.6 nm). The highest value found for simple single-

walled nanotubes is 0.96, for a model with an armchair structure and a 30 ° chirality angle 

which had a major influence on this value. The average value is around 0.5 [3]. 

4.3. Tensile stress (σT) 

The highest value of tensile stress (σT) found is 425 GPa and was predicted for mul-

tilayer graphene, where shell elements were used and the armchair and zig-zag structure 

was compared, while the highest value was finally found for the zig-zag structure. 

The lowest value of σT is 0.62 GPa for bilayer graphene. The authors used mostly two 

approaches to derive the stress-strain diagram - a combination of molecular dynamics and 

FEM or space frame FEM. The σT values for nanotubes range from 3.5 GPa to 270 GPa, 

with the lowest value found for double-walled nanotubes using shell elements and 

the highest for single-walled nanotubes using spacial FEM [3]. 

4.4. Shear modulus G 

The lowest values of shear modulus G (0.01 TPa) were found for bilayer graphene 

measuring 7.99 nm x 0.92 nm using spatial FEM. The reason for this low value may be 

the presence of weak van der Waals bonds between the two graphene sheets. The highest 

value of G 2.1 TPa was defined for single-layer graphene using spatial FEM. The average 

obtained value is around 0.63 TPa. Most publications that predict the shear modulus 

of nanotubes deal with the analysis of single-walled structures. The largest G value found 

for such a nanotube is 1.4 TPa, where the authors used continuous beam structures. An-

other large value of the modulus G is 1.25 TPa and it was obtained using a spatial model 

for twisted single-walled nanotubes with an arm-chair structure. The research confirms 

that twisted nanotubes offer higher shear stiffness compared to straight ones. The lowest 

value found is 0.32 TPa, when the authors used spring model characterized by lower di-

rectional stiffness compared to beams. The average value for CTNs is around 0.5 TPa [3]. 

4.5. Buckling strength 

The buckling strength has been defined in the individual publications by means of 

various units, such as N/nm, nN or as a dimensionless quantity. In most cases, the authors 

used the spatial FEM to represent graphene and performed an eigenvalue analysis to cal-

culate the buckling strength. The highest value (5.5 nN) was determined for a bilayer gra-

phene measuring 10 nm x 10 nm, constrained at both ends. Even in buckling analysis, 

most publications focus on single-walled nanotubes subjected to axial compressive load-

ing, transverse bending loading and temperature variations [3]. 

4.6. Vibrational characteristics 

The highest natural frequency of 183 THz was found for fully fixed circular graphene, 

using the space frame FEM. The lowest predicted values were 5.1×10-5 THz for a single 

layer graphene used for a design of the resonator. A large number of publications in 

the field of vibration analysis are devoted to nanotubes, while their single-walled forms 

again predominate. The highest detected natural frequency of nanotubes is 30 THz, when 

the beam element method was used in the analysis and at the same time the lowest value 

(1×10-12 THz) was found using the same type of element [7]. 

5. Discussion

Most research in the field of graphene and its associated nanostructures currently 

focuses on the prediction of their mechanical properties using the finite element method. 
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This review suggests that some aspects of FEM modeling in nanostructures are already 

at a very good level. More detailed and confirmed aspects include: 

1. FEM being accepted in the academic community as a tool for the analysis of carbon

nanostructures.

2. The results obtained by FEM were verified against experimental, theoretical and other

numerical methods.

3. At present, FEM is able to predict the mechanical properties of carbon nanostructures

with reasonable accuracy. These properties include Young's modulus, Poisson's ratio,

shear modulus, tensile strength, vibration characteristics and buckling strength.

4. FEM has proven to be an efficient and reliable tool for the analysis of carbon

nanostructures with idealized geometries.

On the other hand, the overview also shows the need to pay more attention to aspects

that are not currently described in more detail, such as: 

1. Analysis of other variants of graphene, such as graphane and graphine, double- and

multi-walled nanotubes, super-nanotubes or pillared graphene.

2. In addition to idealized geometries, it is necessary to analyze changes in mechanical

properties in nanostructures with material defects that actually occur in them.

3. Most FEM analyzes have focused on describing the behavior of carbon nanostructures

at the nanoscale, so there is the need to further extend FEM-based studies to also un-

derstand the macroscopic effects of these nanomaterials.

4. FEM modeling of carbon nanostructures needs to be transferred from academic area

to practice. Multiscale FEM simulations must be extended to describe continuous

physical behavior across whole material scale, from the molecular level to the final

engineering components. Due to the excessive computational times and memory re-

quirements for the devices, this task seems currently unfeasible, but such a challenge

also needs to be addressed in order to solve the real problems in all industries, includ-

ing automotive, biomedicine and aeronautics [3].
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Abstract: This article will be devoted to the transformation of the shape design of the top cover of a 

high-speed turbine into a detachable version. The original cover concept (design concept directly 

from the manufacturer) was determined to be non-removable. As the main requirement was a sim-

ple sterilization option, the top cover of the turbine must be redesigned so that it is easy to disas-

semble, sterilize and can be easily reattached. Ease of clamping is required mainly because the cover 

will be handled mainly by non-technical personnel. Based on the above-mentioned requirements, 

the cover clamping was chosen as a simple bayonet system. The cover was imported into Fusion360 

modelling software using reverse engineering, where it was subsequently modified according to 

the specified requirements. 

Keywords: high-speed turbine, blower, modelling 

1. Introduction

The global COVID-19 pandemic has caused a shortage of critical medical resources. 

Above all, there was an acute shortage of fans. [3] Artificial lung ventilation is the only 

form of life support for the unconscious patient. It is divided into manual and controlled. 

In the case of manual, the supply of oxygen is ensured by the constant compression of the 

blowing bag, while in the case of controlled oxygen, the supply of oxygen is ensured by a 

turbine controlled by software. [1] Controlled ventilation also uses computational flow 

dynamics to help improve oxygen flow design. [2] In long-term operation, a mostly con-

trolled form of ventilation is used because it is more suitable. The manual form of venti-

lation is physically demanding and requires the full attention of a doctor. [1] 

Our main task was to convert the versatile, high-performance micronella turbine type 

U65HN-024KS-6 from Micronel (Pressure: 95 hPa, flow: 435 l / min, 24 V) (Fig. 1a, c) [4] 

into a detachable and sterilizable version to be able to use one device for multiple patients 

in a short time sequence. As the original turbine is not sterilizable, it must be replaced 

with a new one after each use, which is a disadvantage especially in a critical pandemic 

situation. 

After disassembling the turbine, a 3D scan of the housing was created using a Metrotom 

from Carl Zeiss. The propeller was scanned using an EnvisionTech instrument primarily 

intended for scanning dental implants. (Fig. 1b) 
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Subsequently, it was agreed that the top cover will consist of two parts, the clamping (up-

per) and anchoring (lower). The lower part will be pressed on the flange using sealing 

rubber bands through which the original turbine cover was fixed. 

Figure 1 a-top, front and side view of the Micronel U65HN-024KS-6 turbine, b-3D scan of the turbine cover 

and propeller, c-basic parameters of the Micronel U65HN-024KS-6 turbine 

2. Materials and Methods

First, it was necessary to divide the initial scan into four quarters. (Fig. 2a) The creation of 

cross-sections was necessary in order to be able to clearly define the shape of the turbine 

snail as well as the upper and lower cross-sections. Subsequently, sketches were created 

corresponding to the shape of the individual cross sections. 

Since the central axis of the sketches for the individual cross-sections of the snail is not a 

uniform circle, it was necessary to create another sketch. This sketch gave us the axial 

position of the snail. Following the interconnection of individual cross-sectional sketches 

and the definition of the shape by means of a position sketch, the basic shape of a turbine 

snail was created. (Fig. 2b) 

Figure 2 a-division of the 3D scan into four quarters, b-snail created by connecting four quarters by means of 

a guide curve, c-upper and lower shaped part of the turbine cover, d-bayonet clamping system 
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In order for the model to be complete, it was necessary to model the upper and lower 

shape of the turbine. These parts were created so that the individual cross-sections were 

shaped around the central axis of the object. (Fig. 2c) 

To complete the basic model, it is still necessary to cut the upper and lower shaped part 

according to the shape of the snail. Subsequent connection of all three parts gave the basic, 

remodelled shape of the original turbine. 

After modelling the front inlet and dividing the model into clamping (upper) and anchor-

ing (lower) part, we only have to design the clamping of the turbine cover to the engine. 

The clamp was designed as a bayonet system. (Fig. 2d) This bayonet system was created 

using a diagonal sketch (Fig. 2d), the centric impression of which created a cutout in the 

clamping part and a fixing tooth in the anchoring part of the model. 

The last part for the complete completion of the model is the fine-tuning of post-pro-

cessing adjustments. Post-processing modifications mean rounding of edges, fine-tuning 

of shapes, re-modelling of additional cut-outs. (Fig. 3) 

 

Figure 3 Finished model: a-side view, b-axonometric view, c-bottom view, d-clamping part together with the 

propeller 

3. Discussion 

The main task of the assignment was to model and modify not only the top cover but also 

the propeller of the high-speed turbine itself. Within the basic requirements, emphasis 

was placed on the fact that the cover and the propeller are easily removable and then 

sterilizable in Autoclave at a temperature of 134 ° C. 

After modelling and extruding the cover, the initial visual assessments of the functionality 

of the model and the strength of the material took place. The results of the assessments 

were very good. This means that the cover is functionally and strength-wise functional. 
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Sterilization tests are still being performed. At the end of all tests, the cover will still be 

tested under load (with the turbine on) to completely eliminate any imperfections. 

As for the propeller, there is an initial shape ready but after the printing and initial, visual 

assessment, several problems were discovered. The first problem is the plasticity of the 

material from which the propeller is extruded. The given material has very good strength 

properties, but it has one disadvantage, namely that it is too plastic (flexible) for thin cross-

sections. This excessive plasticity causes a problem with propeller blades that are too flex-

ible to properly serve their purpose. The given problem will be solved in the near future 

by adjusting the thickness and shape of the wing cross-section or by changing the material 

from which the propeller is extruded. 

Figure 4 a-cross-section of the finished model, b-finished model together with the propeller from the top, c-

finished model with the propeller from below 

The second major problem with the propeller is its method of clamping to the rotor shaft. 

As an initial design, a simple impact system was created, which is not suitable for high-

speed use of the propeller. The very problem with clamping the propeller is that it is not 

possible to combine the available metal and plastic material, because sterilization would 

result in different expansion, which could ultimately cause uneven balancing and thus 

stabilization problems at high speeds. We are working on solving defined problems. We 

believe that a suitable clamping method will be devised in the near future and that a suit-

able combination of materials will also be found that will not cause a problem with the 

sterilization and balancing of the propeller. 

4. Conclusions

In conclusion, we can state that the process and progress of the development of the de-

tachable cover of the high-speed turbine is going well. The prototype itself is ready and 

functional. After the end of the stress tests, the top cover will be ready for series produc-

tion. However, the propeller itself remains a problem. To fully fulfil the task, it is neces-

sary to eliminate the shortcomings associated with clamping and find the optimal material 

variants from which the propeller will be composed. 
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Abstract: Today, simulation is an integral part of the process of innovation and monitoring the per-

formance of production processes. Animation is a natural improvement in the presentation of sim-

ulations, which are clearer thanks to animations and the customer can better evaluate the solution 

variants. The animation reflects the real movements of production equipment. In this article, we 

have chosen a simple production process, where the model of animation of 3D objects in simulation 

is addressed. The result is a significant increase in interest from the customer or co-solver. 

Keywords: Tecnomatix plant Simulation, simulation, animation, methods 

1. Introduction

This article presents the advantages of using simulations, their disadvantages, and 

their use. Cooperation with major Slovak companies is handled in our department. The 

importance of the animation itself lies in the fact that the simulation acquires significantly 

better properties for the inexperienced observer, and by using the digital twins of real 

machines and animating their movements, it is possible to better explore the most optimal 

machine layout. The main goal of this article is to point out the need and simplicity of 

creating animations in the program Tecnomatix plant Simulation, which will signifi-

cantly improve cooperation with our companies. 

2. Definition of the simulation process

 The term simulation is an imitation of a real system and its dynamic processes in a 

simulation environment. The primary goal is to provide answers to the set goals, which 

need to be defined right at the beginning of the simulation solution. The result is the ac-

quisition of knowledge for the real model, respectively. production. For a more detailed 

definition of the term simulation, the characteristic is used that simulation means the 

preparation, implementation, and evaluation of given experiments using a simulation 

model [1]. 

With the help of simulation, it is possible to transfer practically all processes, whether 

they are production or non-production processes. 

2.1 Approach of Simulation 

If we start from VDI guideline 3633, the simulation is strictly based on the following 

8 points: 

 problem definition,

 simulation proficiency testing,

 goal formulation,

 data collection and subsequent analysis,

 simulation environment modeling,

 execution of simulation actions,

 analysis of results and interpretation of results,

 documentation [2].
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2.2 Advantages and disadvantages of using simulation for processes 

A significant advantage of using simulation for processes is the fact that all the 

properties defined in the simulation solution can be designed without spending resources 

on implementation. As a result, the costs of eliminating the consequences of a wrong 

decision directly on the models are eliminated [1]. 

Another advantage is the ability to define the material flow rate. This makes it 

possible to thoroughly examine the accuracy of the simulation. 

The simulation gives you the ability to make adjustments to the system, and it doesn't 

matter if it's a simple or complex system. 

Working alone in a simulation environment can lead developers to possible 

improvements. And last but not least, the significant advantage of simulation is the 

possibility to use simulation models further in production. 

The main disadvantages include the need for training in working in a given 

simulation environment, the information we have obtained through simulation is 

sometimes difficult to interpret and simulation modeling is very costly and time-

consuming [2] [4]. 

3. Animation of 3D objects in the environment of Tecnomatix Plant Simulation

 The Tecnomatix plant Simulation program is used as a simulation tool in our 

department. In cooperation with various companies that turned to us regarding the 

simulation model of their production environment, various simulations were processed 

in terms of complexity. 

 But a closer definition of machines is also needed for the customer, and the 

possibility of watching the animation of production movements would certainly be a 

welcome change. 

 Tecnomatix Plant simulation offers a database of material flow tools. The 

disadvantage is that the model does not always correspond to the machine in use. In fig. 

1 is an illustration of a basic illustration of a simple manufacturing apparatus selected 

from a material flow toolbar 

Figure 1. A simple tool for displaying production equipment 

The first step to proper animation is to replace the basic simulation model. We can 

use the library directly in Tecnomatix plant Simulation or upload it to your digital plant 

model using a 3D modeling program such as Autodesk Inventor or SolidWorks. 
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When selecting the first option, select the 3D model and move the mouse cursor to 

the Edit section and select the Exchange Graphics option. Then the window with the ma-

chine library in s3d format will open. In fig. 2, the base model is replaced by a model that 

is a digital copy of the actual device.  

Figure 2. Replaced model. Specifically, it is a model of a vertical drilling machine 

If the model is inserted into the program, it is necessary to right-click on the model 

and select the Show Graphic Structure option. This option displays the graphical structure 

of the 3D model. 

Figure 3. Graphics Structure tree 

The replaced model is composed of several parts, just as each machine does not con-

sist of one part. After opening the Show Graphic Structure, it is necessary to click on the 

"tree" (fig.3) and it is necessary to find the parts that represent the parts that are to be 

moved during the animation. 

It is then necessary to find the parts of the machine that are to be moved in the tree. 

If we have this part behind us, it is necessary to mark the parts to be moved and select the 

Animatable Object option in the Edit section.  
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Figure 4. Creating a moving part 

Right-click on the part in the tree that is to perform the movement, select it and select 

Edit 3D Properties from the options...  

In the Self Animation bar, set the selected part’s movement. 

Click on the Add option to add a movement, define a name for it and define it (fig.5). 

In this case, it is necessary to define the movement of the Z-axis as well as the move-

ment of the Y-axis. In the Self Animation section, you must enter the name of the anima-

tion. In this case, it is the Pohyb1 and the Pohyb2 (fig.6). After saving the names, it is 

possible to define their movement along the axes. It is necessary to mark the given Ani-

mation paths and select the Edit option where it is possible to determine and simulate the 

movement along the given axis [3].  

Figure 5. Add movement 



Novus Scientia 2022 342 of 7 

343 

Figure 6. Edit movement in axis Y and Z 

If we have completed all these steps, we need to create a method that will run the 

animation. In fig. 7 shows the whole method. In the first line, it is necessary to specify the 

name of the file, in our case it is Models. Model, followed by the name of the machine 

(Station). further progress is made in creating a method where it is necessary to define 

that the machine should move its parts. Since the machine performs 2 movements, it is 

necessary to define both movements. The following is a description of the description at 

the bottom of the method itself. 

 Figure 7. A look at a method designed to animate a machine 

Fig. 8 shows a simple workplace for drilling into wood. For the program Tecnomatix 

plant Simulation it is necessary to create an input, the picture shows the left part and the 

output, which is shown in the right part. The inputs and outputs themselves would not 

matter; it is necessary to connect them with the production equipment. The method must 

also be inserted into the machine's graphical interface for the animation model itself to 

work.  
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 Figure 8. Interconnection of inputs and outputs in the Tecnomatix Plant Simulation program 

The last slide shows a functional model that performs the functions shown by the 

method. The model is functional and can be tested by running a simulation. 

 Figure 9. Simulation model running 

5. Conclusions

At the end of my article, we would like to evaluate the results. The simulation com-

plemented by the animation of 3D objects is significantly improved. The movement of the 

parts of the production equipment that are to perform the movement in the real environ-

ment using animation perform the appropriate movement. However, we ran into several 

problems creating this article and the simulation itself. When adding models, we used the 

library that the Tecnomatix Plant Simulation program contains. Models form tree groups, 

and some groups are interconnected so that if one part is to move, the other must move, 

even if the other part is not moving. After consulting with a SOVA employee, we stated 

that the division of tree groups is not possible. Another problem was adding models from 
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the program environment. If the simulation author has their machines, they need to be 

added in the correct format, specifically in .s3D or .jt format. The first format mentioned 

is a problem with this type of file, it is not commonly available. 3D modeling programs 

such as SolidWorks or Inventor Professional do not offer the option to select this type of 

format. The last shortcoming is the need to create a method where a problem may arise 

for insufficiently trained staff. Ultimately, the animation is a nice improvement to the sim-

ulation, but you need to have the proper knowledge of creating animations in Tecnomatix 

plant Simulation.  
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