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Abstract: Laser cutting machines are sophisticated machines with a certain amount of simplicity built into 

their design. The nature of plug-and-play lasers and corresponding vapour extraction systems makes pairing 

the two functions seemingly easy. It is important that dust and fumes are collected from the source and that 

particles are properly stored and disposed of. Therefore, in this presented publication, the composition of the 

materials of the test samples and aerosols are analysed, the classification is performed and the current state of 

laser cutting technology is examined. On this basis, the emission of pollutants during laser cutting and the 

corresponding control of pollution are the main conditions and solution of the proposed method and equip-

ment.   

Keywords: laser 1; marking 2; dust 3; aerosols 4; Filtration 5 

 

1. Introduction 

In conjunction with new advanced technologies such as laser and plasma technolo-

gies used for cutting material, welding, spot-welding or additive technologies, for exam-

ple in the automotive industry, the environmental safety of workplaces must be respected 

in addition to high accuracy, repeatability, cost-effectiveness. Compared to other cutting 

technologies, laser cutting offers the advantages of better material utilization in cutting, 

scoring and engraving materials while observing strict environmental and safety regula-

tions. This publication examines the composition, classification and current state of laser 

cutting technology. Emissions of pollutants in laser cutting and corresponding measure-

ment methods and pollution control devices were investigated.  

2. Laser cutting equipment  

Laser cutting equipment consists of an automated system integrating the laser beam, 

servo-motor control, electrical control, detection technology and an industrial computer. 

The laser cutting machine is characterized by a light source, power and cutting dimen-

sions. Well-known options for laser cutting technology include evaporation, fusion, reac-

tive fusion, and controlled fracture cutting. During the process of dividing or cutting, dust, 

smoke and aerosols are released, which is an environmental problem and poses a threat 

to public health. The choice of the method of ventilation, dedusting and the design of the 

equipment should take into account the rate of dust removal from the workstation, the 

initial investment costs, maintenance costs, and so on. [1 - 5, 13 - 15] 

The process of laser cleaning technology, for example, degreasing, removing corro-

sive parts of the surface of the material, takes place in a closed cabin due to the imminent 

risk of laser beam-induced radiation arising or dust being produced, which is harmful to 
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human health. In the cabin of the device, Fig. 1, there is a work table, which contains 

grooves for the overflow of the generated waste. The workplace where the laser cutting 

process takes place is equipped with a ventilation device that absorbs the unwanted dust 

generated. The entire workstation is bounded by columns that delimit the safe zone dur-

ing the operation of the equipment. Overall, this machinery has a considerable impact on 

the space used in the workplace hall. [1 - 6] 

The device includes a fully enclosed safety design. During operation, the device’s 

state of processing can be monitored from the front window of the security door, ensuring 

safety for the operator. In laser machines, multi-stage filtration is used. [1,2, 10] 

 

      

Figure 1. Laser cutting device during parameter input and material division [1,2]. 

 

3. Pollution generation and air filtering 

 

The most important physical factors in the environment in workplaces using laser 

technologies include [7-12]:  

▪ noise  

▪ lighting  

▪ microclimate - temperature, humidity,  

▪ electromagnetic fields,  

▪ dustiness, 

▪ solid aerosols.  

During the cutting process, large amounts of dust, smoke and aerosols are produced, 

which causes environmental concerns and poses a threat to the health of workers [5, 9]. 

The amount of smoke and dust emitted by laser cutting is related to the cutting speed and 

the setting of the cutting air pressure parameters. If the specialist correctly sets the tech-

nological parameters of cutting, the smoke emission from laser cutting is significantly re-

duced. In addition, the material of the workpiece has a significant impact on emissions. 

When cutting 6 mm thick low-carbon steel material, the amount of smoke and dust emit-

ted per 1 m of cut is 440 mg. When cutting 6 mm thick chromium-nickel material or gal-

vanized steel sheet, smoke and dust emissions per 1 m of cut are 2000 mg. For cutting 6 

mm thick low-carbon steel, 39.6 g/hour of smoke and dust can be released at a cutting 
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speed of 1500 mm/min. Smoke and dust contain particles of metal oxides such as iron 

oxide and alumina [5- 8]. 

Smoke, dust and aerosols are released in the process of laser cutting of metal materi-

als. The particle size of the dust generally exceeds 10 μm, and the particle size of the aer-

osols is less than 10 μm. 

The primary threats to a worker or employee who works with laser technology can 

be considered to be mainly solid aerosols and dustiness.  

The determination of dustiness is one of the most difficult to identify in the field of 

chemicals. The risk of solid aerosols is determined not only by their concentration, but 

also by a number of other factors such as size composition (dispersion) or chemical com-

position. [10,11,12]  

When treating metallic materials with a laser, the following substances are released 

into the air:  

▪ dust (particle size greater than 1 mm), 

▪ aerosols (particle size less than 1 mm), 

▪ gases. [16]  

In terms of the action of dust on humans, there are differences between: 

▪ dust having a predominantly specified effect, 

▪ dust with fibrogenic action,  

▪ dust with an irritating effect,  

▪ mineral fibrous dust. [8, 9] 

 

The measurement of aerosol size distribution is important for the design of appro-

priate filtration systems, Fig. 2. There is no filtration system or medium that can absorb 

all the smoke, dust, vapours, gas, or debris resulting from the use of lasers. With strict 

emission pollution limits, multiple treatment systems or hybrid systems with different 

filtration methods are necessary to control pollution in some cases. Modern dedusting 

technologies include mesh filtration, pocket filtration, electrostatic filtration and activated 

carbon filtration [91–94]. Among them, electrostatic systems have several obvious ad-

vantages. First of all, it is possible to clean the filter and there is no need to replace it, 

eliminating the cost of repeatedly replacing the filter repeatedly. Secondly, a well-de-

signed system can provide high rates of removal of soot and smoke particles removal at a 

submicron scale. Another advantage is the very small loss of air flow when dirt accumu-

lates on the filter. During the operation of the laser, air loaded with pollutants is first 

sucked out through the prefilter. Then it enters the high-density ionization zone filled 

with smoke and soot particles. Charged particles pass through the collecting chamber, 

which is composed of alternating voltage and a grounded plate. A cylindrical filter is used 

for capture. [3, 10,11,12] 

4. Exposure to dust and consequent health effects  

Exposure to dust and consequent health effects can take various forms. Skin contact 

with some dusts, such as most organic dusts, can cause irritation or allergic responses, 
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especially in sensitive people. The respiratory tract is the most common and main route 

of entry of dust particles into the human body, Fig. 3 [12]. 

 

Figure 2. Pollution control strategy for laser cutting(5). 

 

The effect of irritating dusts is primarily manifested in terms of mechanical irritation 

of the mucous membranes of the respiratory tract, skin and conjunctiva of the eyes. With 

more sensitive individuals, allergic reactions may also appear. In particular, dust of or-

ganic origin can provoke hypersensitivity, manifested in the form of bronchial asthma. 

Infectious dust, which often contains germs trapped on dust particles, can cause serious 

diseases in certain cases. This also includes bacterial and fungal infections. Toxic dust, in 

addition to the local effect on the respiratory system of a person, can cause systematic 

intoxication. Dust that contains toxic substances is absorbed by the blood and leads to an 

adverse effect on the tissue and organs of the human body. Carcinogenic dust in people 

who are exposed to these effects, if inhaled, can cause an oncological disease. [4, 10-14] 

 
Figure 3. Inhalation of dust and aerosols by man [4]. 

5. Experimental section and evaluation  

 

Experimental tests were carried out at the Department of Environmental Engineering, 

SjF TUKE, at Trumpf Slovakia, s.r.o. and at U.S.S. Košice, a.s. 

For experimental tests, galvanized sheet metal with dimensions: 25 mm width, 105 

mm height, 1.6 mm thickness, Fig. 4 was used.  
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Figure 4. Galvanized sheet metal used for the experiment. 

 

The experimental samples were surface treated with a laser on a Laser Trumpf Tru-

Mark Station 5000, Fig. 5.  

 

 

Figure 5. Laser Trumpf TruMark Station 5000. 

 

During the preparation of the test samples, the surface of the galvanized sheet was 

treated, where at position 3 means that the laser beam passed three times over the selected 

surface, and a position 1 - the laser beam passed only once on the test surface, Fig. 6 

 

 

Figure 6. Galvanized sample tested. 

 

During surface treatment, the places where the test samples were glued – targets – 

were defined to determine the fumes and type of aerosols after laser work had been car-

ried out, Fig. 7. 
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Figure 7. Location of targets in the suction process. 

 

In Fig. 8, particles are captured at 200 times magnification from the target when a 

laser beam passes through the surface of the sheet once. 

 

 

 

 

Figure 8. Area passed over once at 200x zoom. 

 

After conducting the experiments, the targets were divided into groups, Fig. 9 and 

evaluated using a TESCAN VEGA3 raster electron microscope, Fig.10. 
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Figure 9. Targets with trapped dirt during suction. 

 

 

Figure 10. Raster electron microscope TESCAN VEGA3. 

 

Particle analysis was carried out and analysis was performed on the residues of var-

ious materials that were trapped on the surface of the applied stickers on the ventilation 

pipe in close proximity to the laser head, Fig. 11. 

 

 

Figure 11. Analysis of particles of chemical elements after conducting the experiment. 
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When analyzing the targets under a microscope, it was concluded that when the laser 

operates for a short period of time, a large amount of dirt is not released into the working 

environment. On other hand, over a longer interval, various elements are released from 

the machined material. 

 Traces of carbon, oxygen, iron and calcium were detected when the laser beam first 

passed across the sample surface. It was possible to clearly identify the remnants of zinc 

only with three passes of the laser. Failure to maintain sufficient ventilation may result in 

inhalation of these harmful impurities and damage to the health of the person operating 

the laser. 

 

CONCLUSION 

 

In conjunction with the rapidly growing demands for metal cutting, it is necessary to 

develop technologies for rapid material cutting with increased accuracy, environmental 

safety and cost-effectiveness. Well-known options for laser cutting technology include 

evaporation, fusion and reactive melt cutting. During the cutting process, dust, smoke and 

aerosols are formed, i.e., dustiness is created from physical factors, which is an ecological 

concern and poses a threat to the health of operators. Modern dedusting technologies in-

clude mesh filtration, pocket filtration, electrostatic filtration and activated carbon filtra-

tion. 

In some cases, with strict pollution emission limits, multiple treatment systems or to 

control pollution, hybrid systems with different filtration methods are required. Laser cut-

ting technology is suitable, although there are still some process challenges in dedusting. 

The design of the dedusting method should take into account the removal of dust, aero-

sols, soot, but also the initial cost of capital and maintenance costs. 

Multi-stage filtration in combination with activated carbon filtration or electrostatic 

filtration is accepted and in demand for the given beam technologies. 
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Abstract: This scientific research deals with an overview of polymers suitable for implementation 

in the field of tissue engineering, regenerative medicine and implantology and brings significant 

findings to the field. An overview of biocompatible materials such as PLA, PHB and PDO brings 

new application possibilities. From selected medically certified materials, the scientific team pro-

ceeded to the production of the filament. All production processes were optimized, resulting in a 

final product with a constant diameter. Subsequently, modeling and 3D printing of the aorta was 

started using additive FFF technology. The aorta model was printed at a printing temperature of 

175 degrees with a heated pad. This model was intended for pressure simulation. The simulation 

produced interesting results, which are described in the conclusion of this study.   

Keywords: 3D printing, extrusion, filament, polymers, biodegradation 

 

1. Introduction 

Natural and synthetic polymers are considered biodegradable materials. Polymers 

can be broadly defined as macromolecules composed of covalently bonded monomers. 

Natural-based polymers include starch, chitosan, hyaluronic acid derivatives, collagen, 

fibrin gels, and silk. Undesirable properties of these polymers include low mechanical 

strength, unknown degradation rate, repellency and high physiological activity. Various 

scientific studies show that synthetic polymers have a wide range of uses and satisfactory 

properties compared to natural polymers [1]. Among the important properties of poly-

mers is the rate of degradation, which can vary depending on the type of arrangement of 

the polymer chain and its crystallinity. The glass transition temperature affects the flexible 

properties of polymers, so it is essential that the polymers are biodegradable above normal 

body temperature. Commonly used biodegradable polymers include polyglycolic acid 

(PGA), polylactic acid (PLA), poly-β-hydroxybutyrate (PHB), poly(lactic-co-glycolic acid) 

(PLGA), and poly-ε-caprolactone (PCL). Among these polymers, PLA, PGA and PLGA 

are used for the production of degradable rivet connections (sutures). PLA has been syn-

thesized from natural sources such as starch and corn. Crystalline PLA (L-PLA) is less 

resistant to hydrolysis than amorphous PLA (DL-PLA). PGA, a synthetic polymer, has 

high crystallinity, low solubility and high degradation rate. The high degradation rate of 

PGA reduces its mechanical strength after implantation. PCL is an aliphatic polyester 

used in medical implantology. PCL is typically used for long-term implants and as a drug 

delivery system due to its crystallinity and permeability. PCL also has high flexibility and 

molding capabilities to create different shapes. PHB belongs to another type of biodegra-

dable polymer with high crystallinity, however, due to its brittleness, it is not used for 

practical applications, but is mixed with other polymers. Poly-para-dioxanone (PPD) is 

another biodegradable polymer commonly used for its biodegradability, resorbability, 

compatibility and flexibility as a medical implant for internal fixation of fractures and in 
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the form of films, foams, pressed products and coatings. Studies have shown the possibil-

ity of complete disintegration of PPD implants within 6-7 months after implantation by 

changing their molecular weight, crystallinity and melting temperature. When choosing 

biodegradable polymers for applications in biomedical engineering, their desired proper-

ties, such as their chemical, physical and mechanical properties, have a great influence. 

Degradation of polymers takes place by hydrolysis of ester bonds, which leads to a change 

in their chemical structure. The physical biodegradation process occurs when microor-

ganisms interact with the surface of polymers, leading to hydrolysis. However, chemical 

biodegradation occurs due to the enzymatic interaction of the microorganism with the 

polymers, which leads to the conversion to CO2 and H2O. Implants in places with high 

loads require high mechanical strength, so materials such as ceramics and metals are pre-

ferred. However, these materials have undesirable properties such as inflammation at the 

implantation site, corrosion and loss of bone mass. To solve these negative properties, it 

is necessary to change the material in the form of polymers. Polymers are widely consid-

ered for their tensile strength, modulus of elasticity and non-corrosive properties. Non-

viable properties include loss of mechanical strength with increasing implantation time 

due to degradation/resorbability. Currently, polymers such as PGA, PLA and PLGA are 

widely used for bone implants [1, 2, 3]. 

 

2. Overview of resorbable materials for clinical use 

2.1. Polylactic acid (PLA) 

Social and economic development has stimulated considerable scientific and engi-

neering efforts in the discovery, development and use of polymers. Polylactic acid (PLA) 

is among the most researched biopolymers because it can be produced from non-toxic 

renewable raw materials. PLA has a high application for biomedical applications due to 

its properties, such as biocompatibility, biodegradability, mechanical strength and pro-

cessability. PLA is derived from lactic acid (LA). LA is the building block for the synthesis 

of PLA. LA is a chiral molecule existing in l and d isomers. Lactic acid (LA) can be obtained 

by fermenting sugars obtained from renewable sources such as corn and sugar cane. Thus, 

PLA is an ecological non-toxic polymer with properties that allow use in the human body. 

Despite the wide spectrum in biomedical applications, there are also certain limitations, 

such as slow degradation rate, hydrophobicity. Blending PLA with other polymers such 

as PHB offers convenient options to improve properties or to create new blends for tar-

geted bio-medical applications. Various PLA blends have been explored for various bio-

medical applications during ongoing scientific research. PLA and their copolymers are 

becoming widely used in tissue engineering to restore the function of damaged tissues 

due to their excellent biocompatibility and mechanical properties. The use of PLA has 

great justification in biomedical applications (Figure 1). It is used for the production of 

scaffolds for tissue engineering, various bioresorbable medical implants and sutures in 

dermatology and cosmetics. To improve the properties, it is mixed in different propor-

tions with other polymeric or non-polymeric components. The finished implant thus 

meets the required properties for application in the patient's body. Various surface mod-

ification strategies, such as physical, chemical, plasma, andradiation-induced methods, 

have been used to create the desired surface properties of PLA biomaterials [4, 5].  
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Figure.1. Biomedical applications of PLA [4]. 

2.2. Polyhydroxybutyrate (PHB) 

Poly(hydroxybutyrate) (PHB) has become an increasingly attractive biomaterial in 

research and development in recent years. PHB is a natural bio-based aliphatic polyester 

produced by many species of bacteria. Thanks to its biodegradable, biocompatible and 

ecological nature, it can be used in a wide range of applications. However, high produc-

tion costs, thermal instability and poor mechanical properties limit its desired applica-

tions. Therefore, it is necessary to incorporate PHB with other materials or biopolymers 

to develop some new bio-based composites. The development of biodegradable PHB-

based biocomposites with improved mechanical properties could be used to overcome the 

limitations of PHB alone. As previously mentioned, PLA is a biodegradable polyester that 

could be used to develop composites with PHB. PLA has a brittle nature and stands out 

as an excellent material for the development of biocomposites with improved mechanical 

properties. Various scientific studies have prepared PLA/PHB based composites with im-

proved properties such as increased elongation at break and reduced tensile strength. In 

many cases, mixing PLA/PHB improved the thermal stability of the composite [5-7]. 

2.3. Polydioxanone (PDO) 

Polydioxanone (PDO) is another polyester that is commonly used to make biode-

gradable medical devices. It is also known as PDS, poly-p-dioxanone, PDX or PDDX. Pol-

ydioxanone is a synthetic and absorbable colorless polyester that was first produced in 

the early 1980s. It is synthesized by polymerization of p-dioxanone in the presence of an 

organometallic catalyst and heat. This polymer is considered non-antigenic and non-py-

rogenic and has been found to induce minimal tissue reaction during absorption after im-

plantation. Due to the duration of absorption (182–238 days) and synthetic nature, it is 

widely used in medical devices. The glass transition temperature is in the range of –10°C 

to 0°C and the melting temperature is between 110–115°C. These properties allow the pro-

duction of stitches by the extrusion process at the lowest temperature. In the medical field, 

it is implanted in various shapes and sizes. It is most often used in surgical procedures as 

a suture material (Figure 2), due to its high flexibility due to the presence of an ether oxy-

gen group in the polymer chain [7-9]. 
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Figure.2. Suture material PDO. 
 

3. Production of biomedical filament 

From biomedically certified pellets, we produced filament on the filament maker 

Composer series under the investigated temperature melting conditions of PLA/PHB ma-

terial and plasticizer (Figure 3). The temperature range of extrusion varied between 150 

and 170 degrees. 

                            
Figure.3. Filament extrusion process under optimized conditions. 

 

All extrusion parameters were optimized. Production took place in a sterile environ-

ment under optimal environmental temperature conditions. The most important param-

eter, which is the diameter of the filament, was recorded and controlled by software from 

3devo (Figure 4). The filament diameter plot shows a uniform flow in the desired range 

for the subsequent 3D printing of the aorta model.   

 

                         

Figure.4. Filament progress graph recorded using 3devo software. 
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4. 3D printing and simulation of the aorta model 

Using FFF additive manufacturing technology, we printed an aorta model from the 

manufactured medical filament. The printing settings were as follows: printing tempera-

ture 175 degrees, plate temperature 90 degrees, used nozzle with a diameter of 0.4 mm. 

After printing the object, we proceeded to the pressure simulation on the walls of the aorta 

(Figure 5). We set the tubular to a diameter of 32 mm and a wall thickness of 2.8 mm. The 

simulation was performed with pressure on the inner walls, non-linearly distributed pres-

sure, so that the pressure is highest in the center and decreases towards the ends. The 

pressure was set at 48 kPa. 

 
                                Figure.5. Aortic model and simulation. 

5. Conclusion 

This scientific article presents theoretical as well as practical outputs from the field of 

material engineering, filament production, additive manufacturing and the actual simu-

lation of the final implant. The mentioned scientific study brings new knowledge to ma-

terial engineering and is the theoretical output of the production of filaments that will be 

used in the field of medical applications. Nowadays, the emphasis is placed on the re-

search of new biodegradable materials and their possible use. The production of filaments 

based on biodegradable polymers brings new knowledge and connects medicine with en-

gineering. When using filament in additive technologies, it is essential that it meets the 

requirements necessary for high-quality 3D printing of implants suitable for tissue re-

placement. Desirable filament properties include strength, good surface finish and con-

stant diameter. All these features contribute to the quality of the final print. Biocompati-

bility and biodegradability are important in medical applications. 
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Abstract: Tissue engineering has emerged as an interesting field nowadays; it focuses on accelerat-

ing the tissue's self-healing mechanism rather than organ transplantation. It involves the implanta-

tion of in vitro cultured initiating tissue, or a scaffold filled with tissue-regenerating components 

into the damaged area. Bioreactors are commonly used to apply biophysically relevant stimuli to 

tissue engineering to investigate how these stimuli affect tissue development, healing and homeo-

stasis and offer great flexibility as key properties of the stimuli (e.g., duty cycle, frequency, ampli-

tude, and duration) can be controlled to elicit the desired cellular response. 

Keywords: tissue engineering 1; bioreactor 2; cultivation 3 

 

1. Introduction 

Tissue engineering is based on the collaboration of several disciplines, where biological 

sciences and technical principles are applied to the development of substitutes to restore 

and improve the function of a tissue or organ. [1][2] Currently, tissues obtained from the 

patient himself (autologous transplants) or tissues from a human or animal donor (alloge-

neic and xenogeneic transplants) are commonly used. However, in both cases, a number 

of problems arise. In the case of autologous tissues, a limiting factor may be the lack of 

suitable tissue for transplantation, while tissues from donors may cause unwanted im-

mune reactions that may even lead to de-healing (if they are perceived as foreign) of the 

tissue or the entire organ.[2] The goal of regenerative medicine is to repair structurally 

and functionally damaged, dead tissues and organs. Methods in regenerative medicine 

use tissue-specific cells, biomaterials, and biologically active molecules to enhance regen-

eration and support the formation of new and functional tissues. A tissue engineering 

bioreactor can be defined as a device that uses mechanical means to influence biological 

processes. Mechanical stimulation in a bioreactor is used to transform stem cells into a 

desired cell phenotype. Bioreactors can provide biochemical and physical regulatory sig-

nals that direct differentiation. They also create an optimal environment by stabilizing the 

temperature, humidity, pH level and oxygen level, which provides the most suitable con-

ditions necessary for cell growth and differentiation. In tissue engineering, bioreactors can 

be used in several areas. In the beginning, we need bioreactors for cell expansion. The cells 

are intended for direct transplantation. Second, we use bioreactors to grow 3D tissues be-

fore implantation, such as skin, cartilage, bone, blood vessels, and others.[3][4] 
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2. Trends in tissue engineering 

In the last two decades of research in the field of 3D tissue engineering, significant pro-

gress has been achieved, mainly by using progressive research in the field of biomaterial 

engineering and 3D additive technology. Some of these tissue-engineered, medical prod-

ucts have been transplanted IN VIVO as tissue substitutes or to support tissue regenera-

tion. 

• Polymer-salt microfibers 

At the Technical University of Messechussk, scientists are working on the development 

of microfibers based on polymer and salt. Printing scaffolds from these experimental pol-

ymer-salt microfibers has potential in nerve tissue regeneration or transplantation. Using 

a basic diagram representing spinal cord nerve injuries, American scientists predictively 

designed a microchannel scaffold with a corresponding cross-section to support the re-

generation of the damaged area. A porogen (sodium chloride, NaCl) was used in the cre-

ation of the necessary broad-spectrum fibers to precisely control their pore sizes, which 

was previously inserted into the polymers for the production of pre-forms. The NaCl crys-

tals are first sieved to separate the required grain size and then mixed with the polymer. 

The polymer/salt solution is spread on the surface to form thin films, which are then rolled 

and consolidated around a polystyrene rod used as the core of the composite. The com-

posite preforms created in this way is wrapped again in polystyrene to create the perim-

eter structure. The fiber structure created in this way is fed to the nozzles, is melted, ther-

mally drawn, and applied in such a way as to create an optimal scaffold structure. [5] 

 

Figure 1 Demonstration of inserting the treated scaffold into the spinal cord. 

• Phonometric bioreactor 

At the Medical University of Graz, Australia, a phonemimetic bioreactor has been devel-

oped as a potential method for culturing vocal cord tissue. This bioreactor construction 

has a case custom designed using 3D CAD software to which the BioFlex board can be 

connected. For the production of the bioreactor, 6-well plates with a flexible, thin-walled, 

silicone base 0.51 mm thick and with a surface area of 9.62 cm2 per well were used (Bio-

Flex, Flexcell International Corporation, Burlington, NC, USA). These plates were devel-

oped for a commercially available computer-controlled bioreactor that operates in a vac-

uum, where positive air pressure drives the movement of a cylindrical loading column 

that cyclically applies stress to the cells. However, this system offered a maximum fre-

quency of only 5 Hz and therefore did not meet the requirements for more complex stim-

ulation (50 Hz - 250 Hz). To overcome this limitation, custom boards were created that 

allowed us to stimulate the silicone membranes directly through sound waves, thus cre-

ating any stimulation pattern with high amplitudes and frequencies up to 10 kHz. The 

speaker consists of an anodized aluminum cone; solid aluminum basket made of die-cast 

material; elastic, rubber frame and Kapton coil, which is able to sufficiently withstand the 
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conditions in the cell culture incubator (37 ° C, 100% humidity.) The sounds during the 

research were edited and generated with the open-source sound application Audacity. 

(audacityteam.org, registered trademark of Dominic Mazzoni) [6] 

 

 Figure 2 Phonometric bioreactor and its basic parts. 

• Cellular scaffold based on hydrogel. 

Omentum tissue (the omentum as a membranous double layer of fatty tissue that covers 

and maintains the intestines and organs in the lower abdomen) is extracted from the pa-

tient and, after decellularization of the tissue, the extracellular matrix is processed into a 

personalized, thermoresponsive hydrogel. The cells are reprogrammed to become plu-

ripotent and then differentiate into cardiomyocytes and endothelial cells. Differentiated 

cells are encapsulated in a hydrogel and thus a so-called bioink (bioink) is created, which 

can be used to print personalized tissue. Subsequently, vascularized surfaces or complex 

cellular structures can be created by 3D printing. The resulting autologous engineered 

tissue can be transplanted back into the patient as a cellular replacement for a damaged 

or destroyed organ with a low risk of rejection. [7] In the picture we see an example of 

printing personalized vascular tissue inside the extracellular matrix of hydrogel. 

 

  Figure 3 Personalized vascular tissue inside a hydrogel extracellular matrix. 

• Bioreactor system intended for the cultivation of heart valves. 

A developmental bioreactor system intended for the cultivation of heart valves was de-

veloped at Harvard University in the USA. With this system, it is possible to create live 

valve implants by simulating suitable flow and hydrodynamic conditions. The main flow 

path uses a dominant pulsatile pump to generate flow through the valve lumen and other 

components to achieve the desired simulations of pressures above and below the valve 

valve during the cardiac cycle. Nutrient flow circulates between the heating, oxygenated 

reservoir and valve chamber. Another flow circuit brings nutrients from the valve cham-

ber to monitor pO2, pCO2 and pH. The circulation circuit for stabilizing the gas atmos-

phere ensures the uniform supply of a mixture of 95% air and 5% CO2 to the central res-

ervoir during cultivation. The body of the valve chamber is filled with cellular culture 

medium. The tissue valve is placed between the connectors on the valve chamber lid to 



Novus Scientia 2023  
 

27 

 

ensure a quick installation. A borescope camera is positioned above the outflow side of 

the tissue flap to monitor the development of the tissue construct in detail during culture. 

The afterload generator (afterload as the amount of vascular resistance that the left ven-

tricle must overcome in order for blood to flow out of the heart) is located on the outflow 

side of the tissue valve and consists of a stabilization chamber and a safety valve. The 

elasticity of the aorta and large elastic arteries is simulated through the stabilization cham-

ber, while the safety valve helps to control the maximum systolic pressure. [8] 

 

Figure 4 Basic parts of a flap culture bioreactor. 

• Bioreactor for the cultivation of intervertebral discs 

Design of a mechanical device for cultivation, bovine, movement segments of the spine. 

This two-degree-of-freedom bioreactor was developed to culture intervertebral discs un-

der standard atmospheric conditions (i.e., 37 °C, 5% CO2, and 100% humidity). The drive 

unit makes it possible to perfectly adapt the culture chamber to the length of the sample 

and the biasing mechanism. Perfect adaptation is ensured by means of a screw piston, 

which can be used to adjust the cultivation chamber downwards. When the sample and 

the pressure, titanium plate are in contact, the split shaft begins to move and applies a 

preload depending on the stiffness of the spring. Also, the torque transmission mechanism 

on the top cover transmits the torque through the shaft to the bottom of the cultivation 

chamber. In this design of a two-degree-of-freedom bioreactor to optimally determine de-

generation and regeneration of disc tissue in vitro, it was shown that some type of "phys-

iological" loading is necessary for proper development of intervertebral disc tissue. It has 

also been shown that it is necessary to keep the disc matrix in continuous circulation of 

the culture solution. [9] 

 

Figure 5 Basic parts of the bioreactor for the cultivation of intervertebral discs. 
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• Bioreactor for the cultivation of tendons 

Bioreactor using traction force in combination with circular circulation. This system 

should be able to create implants that could be used to repair damaged tendons. (Oscil-

lating Stretch-Perfusion Bioreactor (OSPB)) The OSPB chamber was designed using 3D 

CAD computer software (Solid Edge ST6, Siemens). Subsequently, the flow rates of the 

cultivation chamber were designed by computer simulation in such a way as to achieve a 

uniform flow of liquid/cultivation medium. The cultivation assembly is composed of a 

sterile part (that is, a cultivation chamber), a mechanism for inducing tensile forces and a 

support disc. The chamber is composed of two holders for anchoring the tissue, flexible 

silicone rubber, silicone tube hardened with platinum and three connectors for filling and 

changing the culture medium. All these components are connected in a closed loop. The 

cultivation chamber is placed on a 3D printed support disc of cyclic shape. The carrier disc 

also contains all the mechanical parts to activate the stretching phase during the dynamic 

cultivation process through a mechanism for inducing tensile forces. The tissue anchor 

holder consists of two main parts, a stainless steel clamp and a clamp cover made of delrin, 

a biocompatible material. All components were custom made with high precision machin-

ing. With such a production process, a firm anchoring of the tendon was achieved by 

means of holders during the stimulation and cultivation phase. The clamp system has 

been designed to be accessible via external control, allowing sterility to be maintained. To 

ensure a firm grip, the clamp system has been designed with two alternating rows of ser-

rated patterns that interlock when the clamps are closed. The drive device consists of a 

step linear drive; two miniaturized, linear guide rods with high precision; load cell and 

two supports for fastening the cultivation chamber. The traction force was generated by a 

linear magnetic drive and transferred to the cultured tendon through a movable shaft. The 

load acting on the cells was in the capacity of 600 N. The culture chamber allows perform-

ing an unlimited perfusion flow simultaneously in combination with stretching, in an au-

tomatic manner, without the need for user manipulation. [10] 

 

    Figure 6 Bioreactor for the cultivation of tendons and its basic parts. 

3. Conclusions 

Cultivation of living tissue is one of the main clinical challenges, but unfortunately this 

challenge is limited due to the insufficient amount of building living tissue after cultiva-

tion. Because the growth of a cellular product in a stable culture facility has a limited sup-

ply of the necessary resources. The multiplication of cells in a passive culture device is 

dependent exclusively on the passive dispersion of nutrients, which means insufficient 

distribution of the necessary nutrients for cultivation, resulting in insufficient viability of 
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the cultured tissue. A static culture device does not have the necessary microenvironment 

for proper cell growth of living tissue. During static cultivation, cells are often placed un-

evenly on the surface, but also inside the scaffold, and there is no overgrowth and cell 

viability across the entire diameter of the cultured cross-section. 
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Abstract: The purpose of the paper is to design a machine technology for modifying cylinder head 

channels and to describe the fundamental understanding of the topic in specific modification areas 

that may be further improved. The paper includes an analysis of the issue, broken down into parts 

based on the technological requirements to carry out a successful head modification, the design of 

the technological procedure of the modification, the implementation of the proposed procedure in 

light of the theoretical knowledge obtained from the analysis of the issue, and the evaluation of the 

results obtained in which at the same time, better alternative solutions are proposed. 
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1. Introduction 

In motor sports, it is common to modify car parts in order to increase the performance 

of the vehicle. Car conversions are aimed at improving driving characteristics, safety and 

especially at increasing engine performance. When modifying the engine, as well as other 

parts, it is necessary to keep certain technological procedures in order to achieve the 

desired result. The activities described were aimed at adjusting the cylinder head of the 

combustion engine, more precisely at adjusting the intake and exhaust channels. 

Modifications of these channels is normally done by hand machining. The disadvantage 

of this approach is that the same shapes are not achieved in each channel, which is 

desirable for maximum effect. In motorsport, even a small difference in performance can 

mean a lot, so it is worth investigating how the modification can be done mechanically 

[1]. 

The surface of the serial intake and exhaust channels is rough and imprecisely 

shaped, which is due to the technology used in the serial production of these parts. In 

some castings, displacement of the mold cores is also visible. These facts cause flow losses 

during intake and exhaust of cylinder capacity. To reduce these losses and to increase the 

filling efficiency of the engine, the walls of the channels are smoothed, their shape changes 

and the cross-section increases. Due to the thickness of the wall, the cross-section of the 

channels can be increased by only a few millimeters [2]. Other modifications of the 

cylinder heads are: 

• lowering of the cylinder head, 

• enlargement of the valve seats, 

• modification of valves and their springs. 
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All components that are related to these modifications must be properly coordinated, 

thus ensuring their functionality and, consequently, an overall increase in performance. 

In order to start modifications, it is necessary to know how the finished channel should 

look [3]. 

Due to the construction of the head, the channels have a radius, affecting the filling 

efficiency of the engine. The bend of the channel enlarging cause increase the losses in the 

flow, which reduces the use of the cross-section of the intake channel, but at the same 

time, a larger bend enables a simpler head design. Therefore, channel shapes are a 

compromise among head design, cylinder fill rate, and cylinder vortex formation. In 

sports engines, there is an effort to fill the cylinder as much as possible [4]. 

An important rule for modifications is: the bend of the channel must be as large as 

possible so that its entire cross-section is used and at the same time that the flow of the 

mixture flows evenly around the valve during filling. However, it is not easy due to the 

design of the cylinder head. With a small curvature, when filling the cylinder, the flow 

moves to the wrong places, where flow restriction occurs. By increasing the radius of 

curvature, the flow is moved closer to the saddle, resulting in a similar flow on the 

opposite side as well [5, 6]. 

2. Design and implementation of modifications 

Modification of engine head channels is normally done using hand powered or 

hydraulic tools with grinding wheels and cutters. During manual processing, various 

deviations will arise between the individual channels, which can cause an uneven supply 

of the mixture to the individual cylinders. Manual modification is time-consuming, 

therefore it is more efficient to implement machine modification for repeated 

modifications of selected heads. However, the preparation for machining is lengthy and 

therefore not suitable for one-piece modifications. The selected cylinder head from the 

Škoda 1.3 MPi 50 kW engine is commonly used in rally cars. The problem with machining 

is mainly the lack of knowledge of the original shape of the head geometry. Therefore, the 

first step in the modification is the creation of a cylinder head model with the help of 

reverse engineering. After the original geometry has been distorted, the geometry is 

adjusted to the desired one. For this case, the dimensions of the channels were specified 

according to the proven long-term experience of experts [6]. 

The required channel modification is as follows: 

• On the intake side, the intake channel should start at a diameter of ø30 mm 

and continue like a funnel to the beginning of the valve guide, where it 

narrows uniformly to a diameter of ø29 mm. After the narrowing, there is an 

expansion to a diameter of ø32 mm and a subsequent narrowing to a 

diameter of the valve seat of ø30 mm opening into the combustion chamber. 

• The exhaust channel also needs to be enlarged, but its geometry is no longer 

so important, it is important to enlarge it so that the volume of exhaust gases 

can leave the combustion chamber without increasing the load on the engine. 

It increases from the combustion chamber to the exhaust system uniformly 

from a diameter of ø28 mm to an oval of 28 x 42 mm. 

• Realization of modifications. 

2.1. Finding the original geometry 

The original geometry of the channels needs to be determined in order to correctly 

position the new, modified channel. It is necessary to take into account that a part that 

contains many other functional elements is being modified. These elements must remain 

untouched, such as valve seats, holes for valve guides, mounting threads and especially 

the cooling circuit of the cylinder head. The original channel has its own specific shape, 

and the wall between the cooling circuit of the head and the channels has a certain 

thickness. If the trajectory of the original channel remained unknown, there would be a 

risk of breaking through the wall to the cooling circuit during the implementation of the 
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modification. The thickness of this wall is between 4 and 6 mm and cannot be clearly 

determined without special equipment. 

Engine heads are produced by casting from aluminum alloy. The original geometry 

is unknown, either due to secrecy by the manufacturer or the age when the documentation 

no longer exists. In order to determine the original geometry, the simplest available and 

feasible method was chosen, namely measurement using common gauges and a 

coordinate measuring machine (CMM), which was used to determine the trajectory, axes 

and diameters of the channels. 

The basic geometry, the rough dimensions of the casting and the proportional 

distribution of the shape elements were transferred to paper and then scanned using a 

regular scanner. A simpler way would be to use a photograph, but due to the curvature 

of the camera lens, a distorted geometry would be obtained, introducing further 

inaccuracies into the process. 

Subsequently, the scans were transferred to free planes in the CAD system and basic 

shapes were sketched from them, such as the outer shape, the positions of the holes, etc. 

– figure 1. The holes ensuring the position when fitting the head to the other engine 

components were chosen as a reference for creating the geometry. At the same time, they 

were chosen as bases for measurements on the CMM machine and also for determining 

the reference point for the exact setting of the head on the CNC milling machine. The 

remaining dimensions of the holes, necessary for the creation of the model, were 

compensated against the scanned dimensions according to the measurements and 

partially adjusted according to the found center planes. These planes were found to be 

intermediate dimensions between the valve guides. The position of the guides is accurate 

because it is a machined part of the head and not a cast one. 

 

Figure 1. Scans transferred to the CAD system. 

Using the CMM, the coordinates of the points in the plane that represent the lower 

curve of the intake channel were determined, as well as the positions of the selected 

reference points, essential for the creation of the geometry. The scanned points were 

transferred to the CAD system, where they helped to model the original channel 

geometry. The scanned points are shown in figure 2. 

 

Figure 2. Output from the CMM, scanned points for creating a guide curve. 
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Based on these points, a guide curve was created. The curve is the basic element for 

channel modeling with the "Sweep" tool. This tool is used to create objects with the same 

or variable cross-section linked to the guide curve. Both types of channels - intake and 

exhaust - were created with this tool. The created guide curve is shown in figure 3. 

 

Figure 3. A guide curve created based on the scanned points. 

2.2 Creation of NC program 

A 5-axis continuous milling machine DMU 60 eVo was chosen for the production of 

internal shaped surfaces. The first step was choosing a suitable tool. Since it is an 

enlargement of the cast hole, no pre-drilling or rough milling operations were necessary. 

Due to the complexity of the surfaces and the difficult access to them, a tool was needed 

that could also handle the so-called undercutting operations. Undercutting is the 

machining of surfaces to which standard cutting tools cannot be positioned. Therefore, it 

was necessary to use a special cutter. The geometry of the selected tool enables a cut up 

to 280°. 

Creating an NC program begins with choosing the right strategy and determining 

the geometric and technological parameters. The geometric parameters include the 

machined and control surfaces, the curves bounding the machined surfaces and the guide 

curves of the tool. Technological parameters are important for the correct guidance of the 

tool, for perfect machining of selected surfaces, for movement during approaches and 

retracts, for the way the tool is guided in possible collision, etc. The last step is 

optimization the process. The chosen strategy is 5-axis continuous Morph milling, which 

has circular toolpaths. This strategy requires the determination of the machined surfaces 

and the boundaries of these surfaces, as well as the determination of the tool guide curve. 

The following cutting conditions were chosen: spindle speed S = 10 000 ot./min.;        

feed F = 1 500 mm/min. The accuracy achieved after modification of the channels was 

approximately 0.1-0.2 mm, because of the inaccuracy of the tool used, which was not 

intended for CNC machining, and the tool could also be pushed off during machining. 

The final shape of the tool paths can be seen in figure 4.  

 

Figure 4. Final tool paths. 



Novus Scientia 2023  
 

34 

 

2.3. Realization of production 

The head could be clamped in a vise, because of available parallel surfaces. The head 

is a rough cast from the underside and does not have a flat surface. To set it in the 

horizontal plane, setting screws with nuts, placed in the grooves of the machine table, 

were used. By adjusting the height of the nuts, the head was set in a horizontal position 

and the flatness was checked using a dial indicator. 

After positioning and detenting the head in the working space of the machine, the 

position of the head, its rotation and the defined position of the zero point were 

determined using a touch probe. These operations were followed by production itself. 

Production records are shown in figure 5. 

  

Figure 5. Production records. 

3. Results 

In the paper, a procedure and a method of modification the cylinder head of a stand-

ard internal combustion engine were proposed so that the engine could be used for sports 

purposes. The presented procedure was based on the available options regarding the need 

to modify one piece of the head. In addition to the described modifications to the intake 

and exhaust channels in the engine head, the following adjustments were made: 

• Lowering the cylinder head. 

• Enlargement of valve seats. 

• Modifications of valves. 

• Replacement of valve guides [5]. 

The finished modified head is shown in figure 6 and is ready for assembly and test-

ing. The expected final effect of the modifications is an increase in engine power by 30 to 

40 horsepower. 

 

Figure 6. Finished modified engine head. 
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4. Conclusions 

Several improvements have been proposed for future modifications of combustion 

engine heads, should they be implemented on a larger scale. 

The chosen method of creating the geometry was the simplest, but lengthy, consid-

ering the current possibilities. For repeated modification, this procedure is inefficient. A 

more advantageous way is to use 3D scanning. By scanning the head, especially its cavi-

ties, a polygonal model is obtained, which is then imported into CAD software. Based on 

a 3D scan, it is possible to proceed to the actual creation of the adjusted channel geometry 

in a fraction of the time. 

A professional solution for the modification of heads from touch scanning to produc-

tion itself is the use of specialized Centroid machines, in which, among other things, cycles 

for 5-axis probing of internal surfaces are available. The advantage is that all activities can 

be performed in one clamping (probing, geometry modification, program creation, ma-

chining) [8]. 

Although the proposed clamping method was the simplest, it did not provide suffi-

cient access to the cavities from both sides. The consequence was setting the head twice. 

For repeated production, it is advantageous to use a fixture. The fixture is designed as a 

clamping block cut by 45°. The reason for this cut is the accessibility of the cavity from 

both sides and the sufficient height of the head above the worktable of the machine, so 

that there is no interference between the table and the headstock. The clamping plate con-

tains holes for fixing it to the worktable with screws, screws for setting flatness of the head 

in relation to the axes of the machine and clamping screws. The design of the fixture with 

the visualization of the clamping on the milling table is shown in figure 7. 

 

Figure 7. The designed fixture and its visualization of clamping on the milling machine. 
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Abstract: Currently, there are several important reasons for using high-strength steel in the auto-

motive industry. Car manufacturers choose steel with good fatigue, good formability resistance, 

and the ability to absorb impact energy. HSLA steels can fulfill these mentioned criteria. The appli-

cation of HSLA steel sheets has led to the development of new progressive joining techniques. Me-

chanical joining - clinch-riveting, is an innovative technique to join these progressive materials. In 

practice, simulation programs are used to predict and optimize the joining processes before the join-

ing process is realized. One of the most used software for simulating the clinch-riveting process is 

Simufact Forming. Simufact Forming software was used to simulate the joining of HX420LAD steel 

sheets. Due to the axisymmetric nature of the clinch-riveting process, the simulation was simplified 

to a 2D representation. The result of the simulation was compared with metallographic images after 

the clinch-riveting process. 
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1. Introduction 

One of the most significant problems in the automotive industry is the lightweight, 

safe design, and the enhanced crash response of specific car-body parts. These objectives 

lead to the increasing adoption of HS (high-strength) steel sheets for specific parts of car-

body structures [1].  

One of the best known high-strength steels is HSLA (high-strength low-alloy) steel. 

HSLA steels are fine-grained steels with a ferritic or ferritic-pearlitic structure, while they 

are micro-alloyed with a minor addition of one or more elements such as aluminium, ti-

tanium, niobium, vanadium. In general, HSLA alloys are much stronger and tougher than 

ordinary plain carbon steels. The low-alloy steel sheets have good machinability and har-

denability properties [2-3]. 

 Clinch-riveting technology is an innovative technique to join these progressive ma-

terials. In this technology, a rivet of defined dimensions is pressed into the joined sheets 

by a punch. The main advantage of this technology is that it is not necessary to pre-drill a 

hole in the joined sheets before joining the sheets. Joints created by using clinch-riveting 

technology achieve higher values of load-bearing capacity compared to joints created by 

clinching technology [4-6]. 

 In practice, simulation programs are used to predict and optimize the joining pro-

cesses such as mechanical joining – clinch-riveting before the joining process is realized. 

One of the most used software for simulating the process of clinch-riveting is Simufact 

Forming [7-8]. The paper deals with the comparison of the simulation and metallographic 

images after the process of clinch-riveting. 
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2. Materials and Methods 

In the experiment, one type of material was used. This steel is marked as HX420LAD. 

The thickness of the tested steel sheet was 1.5 mm. HX420LAD steel sheet was a zinc coat-

ing - hot-dip galvanized on both sides. Table 1 shows the basic mechanical properties of 

the HX420LAD. The chemical composition of the steel sheets is shown in Table 2. It was 

not necessary to clean the samples before the process of clinch-riveting. Figure 1 shows a 

test sample according 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 

 

 

Clinch-riveting 

 

Clinch-riveting is a new, innovative technique to join progressive materials. The 

clinch-riveting technique consists in pressing a solid rivet into the upper and lower plate; 

the upper plate is mechanically wedged into the lower plate, similarly to the clinching 

technology (shown in Fig.2). The active parts of the clinch-riveting tools are punch, die, 

and a sheet holder. The rivet placed directly in the joint ensures an increase in the load-

bearing capacity of the joint in the critical area of the joint.  

 
Table 3. The parameters of clinching 

 

 
 

The pressing force was the same for all joints made. The die with a diameter of Ø8 

mm had moving segments. Steel rivets with a diameter of Ø 5 mm and a height of 5 mm 

were applied to create the joint. The parameters of clinching as technology are described 

in Tab.3. Sample created by clinch-riveting is shown in Fig. 3. 
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Figure 2. The process of clinch-riveting 

 

 
Figure 3. Joint sample created by clinch-riveting technology 

 

Simulating the process of clinch-riveting in the Simufact Forming software 

 

Simufact Forming is a simulation software for users working with the technology of 

forming. Simufact Forming software allows for both two-dimensional (axisymmetric and 

planar) and three-dimensional simulations on the same graphical user interface. To sim-

ulate the technology of forming, we can use different types of common materials using 

mentioned software. In practice, simulation software is used to optimize the processes of 

joining before the joining process is implemented [7-8]. The working environment of the 

used simulation program is shown in figure 4.  

 

 
Figure 4. The working environment of the Simufact Forming 

 

The parameters of the clinch-riveting process, necessary when defining the simula-

tion itself include the special friction coefficient, the holding force, and the specific dis-

tance of the punch stroke. In the simulation process of the clinch-riveting, the specially 

shaped punch can only be moved in the specific - vertical position, with the punch making 

a specifics vertical downward movement at a punch stroke. 

The contacts between the tools and joined sheets as well as the contacts between the 

joined sheets were defined as frictional contacts. Between punch/die and sheets was de-

fined as a friction coefficient of 0.12 and between sheets was defined special friction coef-

ficient of 0.2. The important boundary condition is a holder force of sheets - 100 N that 

acts on the upper sheet to fix the joined sheets. At the exact moment, the distance of the 

stroke height has been reached, the punch performs a backward movement to the starting 

position. At the same time, the special force of the sheet holder stops to working. The 

specially shaped punch, specially shaped die, and sheet holder was specified as perfectly 
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stiff and non-deformable bodies. The joined sheets and rivet were defined as deformable 

bodies. 

Metallographic observation 

In this analysis, the changes in the microstructure of HX420LAD material were ob-

served– see Figure 5. A microscopic analysis of metallographic sections was performed 

by light optical microscopes KEYENCE VHX- 5000.  

 

 
 

Figure 5. the microstructure of HX420LAD material – magnification x 700.00 

3. Results 

Figure 6 shows the development of plastic deformation during the joining process of 

HX420LAD steel sheets in the 4 characteristic steps. 

 

 
 

Figure 6. development of plastic deformation during the clinch-riveting process 
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For better visibility of the presented results, the view of finite element mesh was used. 

The most critical area of the joint during the clinch-riveting process is the sheet metal on 

the punch side. The value of the maximum plastic deformation during the process of 

clinch-riveting is located just in the upper sheet at the point where it is excessively thinned 

(area of the neck of the joint). It is possible to verify the simulation and compare it to the 

results of a real joining process - clinch-riveting. Figure 7 shows a comparison of the cross-

sections between the real joint created by clinch-riveting and the joint resulting from the 

simulation. 

Based on the results, real values of the process of clinch-riveting can be compared 

with values after simulation, such as the position and shape of the rivet, the thickness of 

individual sheets, or the interlocking between the rivet and joined sheets. Comparison of 

the cross-sections between the real joint created by clinch-riveting technology and the joint 

resulting from the simulation (see Fig.7). Fig. 7 also contains the dimensions - the thickness 

of the sheets in the bottom, on the side and the dimensions of the rivet. After comparison 

we can deduce, that the deviations are significantly different. 

 

 

 

 
 

Figure 7. Comparison of the cross-sections between the real joint created by clinch-riveting 

technology and the joint resulting from the simulation. 
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5. Conclusions 

The paper presented the simulation of the clinch-riveting process. The simulation has 

been simplified into 2D conditions based on the axial symmetry of the process of clinch-

riveting. The results of the simulation of the process of clinch-riveting in the form of the 

representation of the plastic deformation in the steel sheets during the individual mechan-

ical 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 using technology such as clinch-riveting are classified 

as joints created by environmentally friendly joining techniques, 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 clinch-riveting can 

be compared with values after simulation, such as the position and shape of 

the rivet, the thickness of individual sheets, or the interlocking between the 

joined sheets (called the "S" shape of the sheets). 

• Based on the visual cross-section comparison of the results, it is possible to 

state that the result of the simulation does not correspond to the real experi-

ment, there is a significant difference. The rivet is not equally deformed, nei-

ther the upper sheet nor the bottom sheet when comparing the results of sim-

ulation and real clinched joint. 

 
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. 

 

References 

 

1. Ľ. Kaščák, et al.; Aplication of modern joining methods in car production. Processes Examples Strength. Rzeszów, pp.143. 

2. R. Kuziak, et al.; Advanced high strength steels for automotive industry, Archives of Civil and Mechanical Engineering, 2008, 

vol.8, issue 2, pp.103-117. 

3. Ľ. Kaščák, et al.; Clinchrivet as an alternative method to resistance spot welding, Acta Mechanica et Automatica, 2013, vol. 7, 

pp.79-82. 

4. E. Spišák, et al.; Joining materials used in car body production by clinching, Chemické listy, 2012, vol. 106, No. S, pp. 541-544. 

5. C. Shi, et al.; Experimental investigation of the flat clinch–rivet process. Thin-*Walled Structures, 2022, vol. 171, 108612. 

6. K. Mori et al.; Mechanism of superiority of fatigue strength for aluminium alloy sheets joined by mechanical clinching and self-

pierce riveting, 2012, vol. 212, issue 9, pp. 1900-1905. 

7. Ľ. Kaščák, et al.; Finite element calculation of clinching with rigid die of three steel sheets. Strength of Materials. 2017; vol. 49, 

pp. 488–499. 

8. L. Potgorschek, et. al.; Numerical simulation of hybrid joining processes: self-piercing riveting combined with adhesive bond-

ing. Procedia Manufacturing. 2020, vol. 47, pp. 413-418. 

 



 

 

    

42 
 

Development and production of in-ear hearing aids (ITE) using 

additive manufacturing 

Gabriela Dancáková 1,*, Teodor Tóth 1, Viktória Rajťúková 1, Dominika Belvončíková 1, Tomáš Breškovič 1, Jozef 

Živčák and Radovan Hudák 1 

1 Department of Biomedical Engineering and Measurement, Faculty of Mechanical Engineering, Technical 

University of Kosice, Kosice; gabriela.dancakova.2@tuke.sk 
2  Trauma Surgery Clinic, L. Pasteur University Hospital Kosice 

* Correspondence: gabriela.dancakova.2@tuke.sk; Tel.: +421 55 602 26 55 

Abstract: The publication is focused on the development and production of in-ear hearing aids 

(ITE - in the ear). The study describes the manufacturing process of an in-ear hearing aid using 3D 

modeling and additive technology. It also provides a closer look at the variants and circumstances 

involved in the production of a hearing aid cup. The publication describes in more detail the indi-

vidual stages of production - from taking and scanning the impression of the patient's ear, to the 

physical production of the cup (shell), in which the electronic components of the hearing aid are 

placed. At the end of the publication, the benefits that the production process using additive tech-

nology provides for practice, science, research and, last but not least, education are summarized. 

Keywords: ITE 1; hearing aid 2; shell 3; 3D printing 4; CDLP 5 

 

1. Introduction 

Hearing is one of the five basic senses. It is the most sensitive human sense that per-

ceives sound, which in this context can mean speech, music, noise, etc. Hearing enables 

a person to identify and recognize objects in the world based on the sound they produce 

hearing enables communication using sound [1]. 

A healthy, young auditory system can silently detect tones with frequencies from 

about 20 to 2,000 Hz. The auditory field (or hearing area) is the range of all sounds that 

the human ear can perceive. At each frequency there is a different difference in intensi-

ties that we hear. The human auditory organ is most sensitive in the frequency range of 

1–5 kHz [2,3,4]. 

People can perceive sound in several ways. Through the air, when the waves 

spread from the external environment through the entire auditory system, i.e., through 

the outer, middle, and inner ear to the brain. Another method of sound transmission is 

the bone path, where the sound vibration is transmitted through the bones of the skull 

directly to the cochlea of the bony labyrinth [1]. 

Hearing disorders are caused by damage to the auditory system, that is, when any 

of its parts is disabled [5]. If we talk about reduced function of the auditory system, it is 

possible to talk about hearing impairment, reduced hearing acuity, unilateral hearing 

impairment, hearing loss or deafness [6]. 

A hearing aid is an electronic aid that enables a person with a hearing impairment 

to better hear sounds from the environment and to understand speech more clearly. This 

results in an overall improvement of the client's communication skills. Hearing aids are 

able to automatically emphasize sound coming from a certain direction, focus on speech, 

suppress ambient noise, or compress sound frequencies so that they are audible to the 

ear [6,8]. 
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An in-the-ear hearing aid (ITE) is an electroacoustic amplifier that amplifies weak 

sound to the intensity needed to accommodate the ear. It can be adapted to different 

hearing losses. If the hair cells in the cochlea are damaged, the remaining cells can pick 

up the amplified sound and send it as an electrical signal to the brain [7]. 

All hearing aids use the same basic parts to transmit sounds from the environment 

to the ear and amplify them. Most hearing aids are digital, and all are powered by either 

a traditional hearing aid battery or a rechargeable battery. Small microphones collect 

sounds from the environment. A computer chip with an amplifier converts the incoming 

sound into a digital code. The device analyzes and adjusts the sound based on the pa-

tient's hearing loss, listening needs and the level of sounds around the user. The ampli-

fied signals are then converted into sound waves and reach the ears through speakers 

[7,9,10]. 

Currently, there are several types of ITE devices on the market [10,11]. The focus of 

this publication is the production of an ITE shell using the method of additive technolo-

gy. The topic of the publication is highly topical considering the increasing number of 

people with hearing impairments. The reality is that, according to information, no com-

pany is currently involved in the physical production of hearing aid structures in Slo-

vakia. Listening devices are loaded into shells that were manufactured abroad and im-

ported to Slovakia. Alternatively, electronic components will only be set up in Slovakia. 

2. Materials and Methods 

To determine a suitable digitization process to produce an ITE shell, it is necessary 

to determine the materials, equipment, and method of the procedure. These important 

parameters are described in the next chapter. 

Materials: Silicone impression material of medical quality, scanner E3 (3Shape, Co-

penhagen, Denmark) - stationary scanner, object scanning accuracy up to 7 micrometers 

[11]. Modeling using the 3Shape Shell Designer software (3Shape, Copenhagen, Den-

mark) [11], this is a medical software directly intended for modeling and designing the 

design of a hearing aid shell. A VIDA device (EnvisionTEC, Detroit, Michigan) was used 

for 3D printing, which uses Continuous digital light processing (CDLP) technology. The 

Shell model was then transferred to the software Perfactory RP 3.2.3594 (EnvisionTEC, 

Detroit, Michigan), which is used to prepare the data for the 3D printer. The material e-

shell 300 methacrylate (EnvisionTEC, Detroit, Michigan), transparent color, was used for 

3D printing of the ITE device of the ITC type. An Otoflash UV oven (EnvisionTEC, De-

troit, Michigan) was used for final curing of the model. The finalization of hearing aids, 

such as the application of electronic components, is carried out in designated companies. 

Procedure method: After the ear impression is made, the model is scanned using 

the E3 scanner. The scanner scans the imprint geometry as a cloud of points, then an STL 

file is created (Fig. 1A). The model was designed taking into account the anatomical fea-

tures of the ear impression, such as canal, opening, concha, tragus/antitragus, notch, 

crus, cymba/anticymba. 

Designing the final shape of the hearing aid shell is a process where a virtual STL 

model of the ear canal that has been created by scanning is modified. After entering the 

digitized impression model into the 3Shape Shell Designer software, the ITE appliance 

category, as well as its size and coil integration, are selected. It is also necessary to enter 

the optional components that will be displayed during the "Simulation of electronic 

components" step, and also indicate whether it is the right or left ear. The "Plane cut" 

function, which cuts the bottom of the scan, creates a cavity inside the scan, into which 

the components are inserted. The plane is drawn in the software with a classic line 

across the lower part of the imprint. For ITE devices, this also defines the length of the 

device. This plane should pass through the trangus, antitrangus and anticymbuses. With 

ITE, it is necessary to remove part of the cymbal, with ITC/CIC, the cut is applied only at 

the place of the crus, and with invisible types of ITE, the cut is applied only at the open-

ing, so that the device is completely in the canal. As part of this step, it is also possible to 
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set "Surface offset", which creates an offset (enlarged) model from the original scan. This 

step is similar to covering the stamp with wax in the conventional production method. 

The step is necessary because the ear is a dynamic element, or the stiffness of the canal 

varies among patients - some have stiff ear canals, others have rather soft ones. During 

mandibular movements, this leads to enlargement of the auditory canal. Based on the 

study by R. Oliveira, R. Babcock et al. and the studies of A. Delnavaz and J. Voix, it is 

possible to say that the volume of the channel can increase by up to 20 𝑚𝑚3 /mm or an 

increase in the diameter of the channel by 2 mm [13,14]. Therefore, ITE devices can fall 

out, and the offset from the scan of the impression is an important step. When modeling, 

it is also necessary to know whether it is a pediatric patient in whom the auditory canal 

is softer. The thickness is offset evenly. The size determines the offset between the inner 

and outer walls. There is usually an "offset" of 0.4 mm (Fig. 1B). Using the "Sculpt" func-

tion, it is possible to modify any artifacts, add or remove material. To smooth the final 

model, the software offers several options such as "Spline", "Tube", "Brush", "Spray" or 

"Edge Smoothness". The "Fillet" function cuts off the top of the stamp and rounds it off. 

The step determines how deep into the ear canal the ITE device will be placed. The 'Tip 

Fitting' feature allows you to select a tip fitting type and then by positioning the cutting 

plane it changes the depth of cut along the center line of the tip. The size refers to round-

ing. Using the available control points of the plane, it is possible to tilt and taper it (Fig. 

1C). The addition of a vent or Vent, a tubular structure that runs along the entire length 

of the shell allows air to pass through the listening device (by inserting the ITE device in-

to the ear, the air pressure inside the user's ear canal will be the same as the ambient air 

outside the ear). The vent also provides low-frequency reduction in the sub-1000 Hz re-

gion. "Step vent" allows you to create and determine the optimal place at the top of the 

channel for the placement of the vent. This step is performed to prevent occlusion (Fig. 

1D).  

 
Figure 1. Scanned impression of the left ear (A). Using the function "Plane cut" and "Offset" (B). 

Using the "Fillet" function (C). "Step vent" function (D). 

The "Component placement" function allows the simulation of the placement of 

electronic components in real time (Fig. 2A; 2B). The finalization of the ITE 3D design fo-

cuses on the shape of the device. Using the "Spline" curve, a cut is defined on the plate 

with a "faceplate" that is glued to the shell after production (Fig. 2C). When the shape of 

the device is fixed, the vent path is adjusted using the "Vent" function (Fig. 2D). It fol-
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lows the simulation of the storage of the components and the addition of the "faceplate". 

As the last step of the 3D design, the identification of the device is placed on the surface 

of the cover, usually from the inside. The identification is specific to each manufacturing 

company, as well as the device according to the client to which it is intended (Fig. 2E). 

 
Figure 2. "Component placement" function (A). Editing the model and component placement (B). 

"Shape" function (C). Creating a vent path (D). Final 3D model of the ITE apparatus created for test 

printing 

A VIDA 3D printer was used to produce the shell of the ITE hearing aid. It is a 3D 

printer using Continuous digital light processing (CDLP) technology, which creates a 

printout from an acrylic stock using LED light source curing. The accuracy of the 3D 

printing of the apparatus was set to 100 microns. The transparent color e-shell 300 meth-

acrylate material was used to produce the ITE shell device of the ITC category. The shell 

model is ported to Perfactory RP 3.2.3594 software, for platform placement and support 

structure settings. The total 3D printing time was 64 minutes (Fig. 3A). 

After printing, the print was removed from the platform (Fig. 3B). Subsequently, 

the supporting structures were also separated. During 3D printing, they ensured that the 

printout was not placed directly on the platform and thus damaged or otherwise de-

formed when separating from the platform. Subsequently, the shell is cleaned with iso-

propyl alcohol and placed in the Otoflash UV curing oven. Two light bulbs in the lower 

part of the oven operate at a frequency of 10 flashes/second. Flashes produce very in-

tense light radiation in the 300-700 nm spectrum. Thanks to this, additional hardening of 

the material is possible, which improves the final physical properties, as well as a lower 

content of residual monomer in the material. Also, by using a UV oven for this purpose, 

it is possible to harden the shell without emitting heat, which would cause deformation 

of the shape of the shell, which must not occur. The total time for curing the print did 

not exceed 700ms (Fig. 3C). 
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Figure 3. Placing the 3D model on the platform with the addition of the support structure (A). 

Removing the printout from the platform; the print together with the supporting structure (B). The 

final component of an ITE hearing aid manufactured using additive technology from different 

angles (C). 

3. Results and discussion 

3.1. Benefits of additive technology in the production of hearing aids 

The advantages of applying additive technology in the field of hearing aid produc-

tion brings benefits for the technical worker as well as benefits for production. 

The use of hypoallergenic material to produce the shell is attractive from the point 

of view that all photopolymers undergo extensive testing to ensure this property, while 

the curing method, which changes the chemical structure of the material (decomposes 

the monomer), also helps. Another advantage of these materials is increased resistance 

to pressure and external influences. 

Among the main advantages of 3D design, reproducibility can be included, i.e., the 

possibility of re-3D printing of the shell model of the device previously stored in the da-

tabase. This reduces the waiting time for the patient, as well as the fact that it is not nec-

essary for the ear impression to be taken again in case of loss or malfunction of the de-

vice. 3D scanning ensures an improved retention position of the appliance, which is im-

portant due to the dynamic nature of the ear canal. It consists of cartilaginous and bony 

parts. The cartilaginous part of the canal moves together with the entire temporo-

mandibular apparatus. In some cases, this leads to retention problems, but when model-

ing using a CAD system and 3D printing, this problem is eliminable. This advantage is 

especially important for invisible types of ITE. 

From a technological point of view, the same thickness of the wall of the entire shell 

as well as of the vent is especially noteworthy, where this feature could not be guaran-

teed during conventional production, as it depended to a large extent on the knowledge 

of the technician. With the knowledge and experience of the technical worker, in the case 

of the conventional production method, more detailed modifications are also related. 

Using modeling software, it is possible to correct imperfections on the scan of the origi-

nal imprint. 

Due to the high accuracy of printing 3D devices, it is possible to produce the small-

est possible devices. This feature is given by the possibility of additive manufacturing 

and especially by accurate modeling, while the designer relies to a large extent on "elec-
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tronic components simulation" and "collision control" for the selected software. This al-

lows the electronics to not be in contact with each other or with the shell wall. The se-

lected electronic components can thus be tightly stored inside the 3D printed cup. 

In addition to the mentioned advantages for the technician, or additive manufactur-

ing is advantageous for the patient as well. It mainly concerns a better and more accu-

rate geometry of the product, as well as its complexity. When manufacturing the shells 

of ITE devices, it is a highly complex geometry on a small scale and therefore requires 

high precision manufacturing. More accurate production is also directly related to mate-

rial consumption. When using additive technology, there is a reduction in excess materi-

al stocks and thus also waste. The elimination of multiple grinding and trimming in 

production is in the context of high precision manufacturing in additive manufacturing. 

It is not necessary to gradually sand and trim the cured photopolymer in the process. In-

stead, it is enough to sand down the support structures that were used in 3D printing. 

Due to the fact with which 3D devices work with precision, the risk of errors is also 

reduced. 

The software and equipment used in this production are designed intuitively, and 

thus it is possible to quickly train personnel without previous experience in working 

with such equipment and software. 

With the possibility of placing shells within the 3D device platform, it is also possi-

ble to talk about serial production. Despite the fact that each print is unique, which was 

a problem with the conventional production method, when adapting additive manufac-

turing, this is not the case. Today it is possible to produce/print several shell models at 

the same time. The only limitation is the size of the 3D printer platform. The entire pro-

duction process is thus cheaper and faster. 

From the above-mentioned advantages of additive technology compared to conven-

tional methods of manufacturing ITE cochlear hearing aids, it can be concluded that ad-

ditive technology could be beneficial in this area, mainly due to its accuracy and speed 

of production of individual cochlear hearing aids. 
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     Abstract: The article describes the design and strength calculation of a low-pressure steel vessel, 

     which has a non-standardized shape and is used to store hydrogen in the structure of TiFe-based 

     metal alloys. The design of the structure is made of three parts, namely the elliptical part, the con

     necting part and the cylindrical parts in which the passive heat exchangers are placed. The strength 

     calculation was carried out as a result of the determination of the ideal thickness of the vessel wall 

     for the implementation of the required vessel in operating conditions. 

Keywords: Hydrogen, metal alloy, metal hydride reservoir, hydrogen storage, strength calculation, 

non-standardized shape 

 

1. Introduction 

Hydrogen is receiving more and more attention in Europe and around the world. 

The most important aspect is the fact that the energy recovery of green hydrogen in fuel 

cells produces no air emissions. Thus, it represents a possible solution to partially decar-

bonize industrial processes and economic sectors. 

Today, several EU member countries as well as other developed economies - the 

United States of America and Japan - are testing the possibilities of using hydrogen tech-

nologies in the field of individual and mass transport through the implementation and 

introduction of hydrogen solutions for means of transport. One of the basic challenges is 

increasing the safety of hydrogen fuel storage. Currently, hydrogen fuel is stored at ex-

tremely high pressures of 35-95 MPa. Today, there are options for storing hydrogen in 

various compounds that provide better storage options. 

The implementation of hydrogen technologies with metal hydride vessels provides 

scope for increasing the safety and storage of H2 at lower pressures. Metal hydride storage 

vessels have some advantages over other storage options. They are characterized by a 

relatively high volumetric energy density. 

 This paper focuses on the design of an efficient hydrogen storage system using a 

metal hydride alloys. It solves the problem of the design of a non-standardized metal-

hydride vessel with internal heat exchangers, which serve to remove the generated heat 

during the absorption of hydrogen into the structure of the metal-hydride alloy. 

2. Structural design of non-standardized metal hydride vessel 

The structure consists of three parts, namely the bottom of a rectangular shape, the 

connecting part and the cylindrical tubes in which there are passive heat exchangers. The 

structural design of the non-standardized vessel was solved so that all circumferential 

welds on the structure were controllable. The connecting part connects the rectangular 

bottom with the cylindrical pipes shown in Figure 1. The cylindrical pipes are wrapped 

in a casing that serves for the flow of cooling liquid. The material of which the vessel is 
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made out of is stainless steel 316L-1.4404. The mechanical properties of this steel are 

shown in Table 1. 

 

 
1- rectangular bottom of atypical shape, 2- connecting part,  

3- cylinder tubes with passive internal heat exchangers,  

4-Flange NPT ¼“ 

Figure 1. Structural design of the metal hydride vessel 

 

Table 1. Mechanical properties of stainless steel 316L-1.4404 

0.2% Re  

(MPa) 

Rm  

(MPa) 

ρ  

(kg∙m-3) 

µ E  

(MPa) 

 205 515 7950 0.3 2.1∙105 

Where: Re-yield strength, Rm-strength strength, ρ-density, µ-poisson's number and E-Young's modulus of elasticity. 

 

Table 2 shows the individual parameters of the designed vessel. 

Table. 2 Parameters of the designed vessel 

The weight of the empty vessel 19 kg 

Weight of metal hydride 22.557 kg 

Total weight of the vessel with MH 41.557 kg 

Metal hydride volume 6.44∙10-3 m3 

Mass of stored hydrogen 0.31 kg 

Volume of hydrogen 4.28 m3 
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Generated heat 37060.5 kJ 

 

3. Strength calculation of the non-standardized metal hydride vessel 

The strength calculation of the reservoir was carried out in the ANSYS Static Struc-

tural program. At the beginning of the simulation, it is necessary to define the boundary 

conditions and determine the material values for stainless steel 316L-1.4404. Boundary 

conditions used in simulations: 

• Adjustment of fixed support, which is located at the bottom of the vessel 

• A pressure setting of 3 MPa, which represents the maximum working pressure, 

and later the internal pressure was changed to 4.7 MPa, which represents the max-

imum test hydraulic pressure above atmospheric. 

• Command hydrostatic pressure with density of 7000 kg∙m-3 in the inside area of 

the vessel, which represents the metal hydride load. 

• Temperature condition of 60 °C, which represents the maximum working tem-

perature with the use of a metal alloy and is also considered the limiting temper-

ature for the absorption of the alloy by hydrogen. 

• Standard Earth gravity upon vessel has been set. 

In Figure 2, it is possible to see the maximum stresses that arise on the vessel and are 

considered safe, because the values of the maximum stresses did not approach the value 

of the yield strength point of the selected material. 

Table 3 shows the simulation results at a working pressure of 3 MPa, and Table 4 

shows the simulation results at a maximum test pressure of 4.7 MPa above atmospheric. 

 

Figure 2. Emerging stresses on the vessel at a working pressure of 3 MPa 
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Figure 3. Emerging total deformations on the vessel at a working pressure of 3 MPa 

Table 3. Simulation results at an internal pressure of 3MPa 

 

 

Table 4. Simulation results at an internal pressure of 4.7MPa 

 

 

4. Discussion 

From the simulation in the Ansys Static structural program, it was found that the 

non-standardized vessel fully meets the requirements for the operational parameters of 

hydrogen storage from a strength point of view. With the help of simulation, suitable 

thicknesses of individual parts of the vessel structure were chosen with respect to the re-

quired structural strength, but also with respect to the distribution of the temperature field 

during the absorption and desorption of hydrogen.  

5. Conclusion 

From the results of the simulation, it was found that the tension that arose on the 

vessel at the maximum test hydraulic pressure above the atmospheric 4.7 MPa did not 

exceed the yield point of the selected material 316L-1.4404. The next step in solving the 

designed atypical metal hydride reservoir would be to verify the spread of heat transfer 

Total deformation 0.04 mm 

Directional deformation in x-axis 0.031 mm 

Directional deformation in z-axis 0.04 mm 

Field of reduced stresses according to 

Von Misses 

102 MPa 

Total deformation 0,0687 mm 

Directional deformation in x-axis 0,049 mm 

Directional deformation in z-axis 0,068 mm 

Field of reduced stresses according to 

Von Misses 

160.37 MPa 
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through simulation and to propose a suitable method of cooling the reservoir during the 

hydrogen absorption process. 
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Abstract: This article describes the possibilities of using LiDAR laser scanning systems and their use 

in localization and spatial mapping for mobile robotics. Using distance data to surrounding objects 

from 2D scanning is an opportunity to localize the position of the robot. The work is divided into 

two parts. The first part is about the possibilities of 2D scanning and the second part compares the 

obtained results with different LiDAR settings. Of course, to obtain an autonomous robot, these data 

must be processed by the processor installed on the robot, for which the program will be written. 

Keywords: Mobile robot, Measurements, LiDAR, Localization, 2D scanning.  

 

1. Introduction 

Testing was performed based on LiDAR (Figure 1) from Slamtec – RPLiDAR A2M8 

360° and Frame grabber application for monitoring, setting LiDAR and obtaining meas-

urement results [1]. There are many implementations of 2D SLAM and 3D mapping with 

different sensor configurations. Most hardware configurations use a dedicated sensor for 

2D SLAM along with additional sensors used for 3D data collection. This article discusses 

the basics of 2D mapping with the help of a single LiDAR sensor and for the future use of 

the most suitable methods of scanning the environment of indoor spaces with effective 

settings in robot localization. 

 To obtain the results, a base was used - the construction of a mobile robot (Figure 2), 

on which the LiDAR system was installed. The sensor is directly connected to the com-

puter to receive and process the received data. 

 
Figure 1 RPLiDAR A2M8 360° 

By recording not only the time it takes for the laser beam to return, but also the angle 

at which it bounces, LiDAR data can be combined with other information to create highly 

accurate 3D maps. Professional LiDAR systems are often paired with GPS devices, an-

other technology now widely used [6]. 

 

Basic sensor data: 
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Model  A2M8 

Measurement range  0.2 m - 12 m 

Sampling frequency  8000 fps 

Rotation speed  10Hz (5Hz-15Hz) 

Angular resolution  0.45° 

Tab.1 Features LiDAR 

RPLiDAR A2M8 is an improved version of the 2D laser scanner (LiDAR). The system 

can perform 2D 360-degree scanning with a range of up to 12 meters (Tab. 1). The gener-

ated 2D data creates point clouds that can be used for mapping, localization, and model-

ing of objects/environment. 

2. Testing LiDAR 

 The test space, assembled from a base plate measuring 1.2x1.2m, was continuously 

delimited around by randomly arranged walls (Figure 2). The LiDAR was connected via 

an adapter and cable directly to the computer. 

 

 
Figure 2 Test space        

On the left side of the picture, the real location of the robot with the sensor in the test 

area is shown, while on the right you can see the results from the LiDAR sensor in the 

form of point clouds that create a map. 

 

 
Figure 3 LiDAR mapping result                
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To achieve the necessary results, we will use the settings of the laser sensor according 

to the possibilities of the application, and we will test the different frequency of revolu-

tions of the measuring head of the sensor. 

 

 
Figure 4 Mode and speed settings                

Each mode has its own humidity, sampling quality and number of created points. 

When applying an autonomous robot, it will also be necessary to consider the energy con-

sumption of these variants. At high revolutions, we have a better sensor response, but 

more energy consumption, a smaller number of points. 

3. Measurement results 

All measurements were performed at one point in approximately the middle position 

on the test surface and were repeated 10 times for each LiDAR scanning mode. The results 

of those measurements are shown in the graph on Figure 5. For a better representation of 

the results of the number of measurements, additional graphs were created for different 

modes: "standard", "express" and "boost" Figure 7. 

 

  
 

Figure 5 The number of scanned points in different modes 

Standard 175 

Express 336 

Boost 713 

Sensitivity 663 

Stability 436 

Tab. 2 Number of scanned points 

According to Tab. 2, it can be seen that the largest number of points and, consequently, 

the best mapping quality is with the "Boost" mode. The worst results were obtained using 

the "Standard" mode. In the graphs in Figure 7, we compare three modes, where we find 

that the first mode has one point per 2, compared to "Boost", this value is equal to 0.5, thus 

the cloud point density is much greater. 
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Figure 6 Comparison Boost a Standard 

According to Figure 6, we define that "Standard" mode is not suitable for mapping, especially for 
large spaces. The problem arises at the corners of the space, where the measurement range of 2° is 
too low to reach the necessary points. For better quality and number of points, it is correct to select 
"Boost" mode. 

 
 

Figure 7 Accuracy of measurements in different modes 
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Figure 8 the difference in the number of revolutions per scan result 

The dependence of the rotation frequency of the sensor head on the number of points 

reached is very high (Figure 8). According to the graph in Figure 9, it can be seen how the 

quality of mapping rapidly decreases due to the decrease in the number of created points 

in 2D space. But at the same time, each created point at a high frequency (19.1Hz) is re-

newed more often, which allows the robot to have a faster response, which is necessary at 

high movement speeds. The recommended frequency is 10 Hz. With such a frequency, we 

will get a sufficiently high-quality map, with many points, but also a sufficiently fast re-

sponse. 

 

 
            Figure 9 The dependence of the number of points on the speed of the sensor head 

4. Conclusion 

According to the achieved results, it is possible to claim that for the further use of the 

laser sensor for the purposes of localization, mapping (SLAM) and for enough of the re-

sulting points reached during the robot's movement, we need to choose a suitable LiDAR 

mode and suitable revolutions. It is also necessary to test this function for longer distances, 

for example a room with dimensions of 10m x 10m, and to find out the necessary param-

eters for the functioning of the autonomous robot (especially the speed of movement in 

space and energy consumption for the selected mode). 
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Abstract: The future and survival of industries in Slovakia in a highly competitive environment 

depends on the use of high value-added materials and reducing production costs with respect to 

the environment. One of the materials that meet these conditions is high-strength steel plates, 

which are needed for the production of high-quality and high-performance parts in the automo-

tive, food, electrical and other industries. We need to know their mechanical, technological, physi-

cal and chemical properties, with regard to the specified requirements of processors, for their cor-

rect and appropriate processing and use. In this paper, we are dealing with the evaluation of two 

types of steels, microalloyed steel and TRIP steel. The results from two process tests, uniaxial ten-

sile test and biaxial tensile test are compared. Finally, the results of the tests are evaluated. 

 

Keywords: Uniaxial tensile test, biaxial tensile test, mechanical properties, TRIP steel, micro al-

loyed steel  

 

1 Introduction 

Nowadays we are facing new challenges and one of them is the most efficient use 

and processing of semi-finished products into final products. One of the materials pro-

cessed in the automotive industry, and not only in the automotive industry, is thin steel 

sheets. Steel is a material with significant innovation potential. The innovative and per-

formance capability of steel is particularly evident in the development of high-strength 

and ultra-high-strength steels. In order to reduce the amount of steel sheet used in the 

manufacture of final products, manufacturers are inclining towards reducing the thick-

ness of steel sheet. However, this reduction must not be at the expense of mechanical 

properties. [1] 

These requirements are met by a group of steels where we include high strength steels 

(HSS), advanced high strength steels (AHSS) and ultra high strength steels (UHSS). All 

these material groups have suitable mechanical properties to meet all stringent envi-

ronmental standards, customer requirements along with economic availability for the 

manufacturer. For their appropriate and efficient use, we need to know their chemical 

composition, formability and mechanical-technological properties. Therefore, in this pa-

per we are concerned with the evaluation of the properties of thin steel plates by uniaxi-

al tensile test and biaxial tensile test. [2-4]  

2 Materials and Methods 

2.1 Materials 

     For the evaluation of the mechanical properties we used two types of steels, microal-

loyed steel with the designation H220PD Z100MBO, thickness a0 = 0.80 mm (hereinafter 

referred to as "M") and transformation-induced plasticity steel designated TRIP 

RAK40/70 Z100MBO, thickness a0 = 0.75 mm (hereinafter referred to as "T"). 

 



Novus Scientia 2023  
 

61 

 

Both evaluated M and T steel plates were electrogalvanized on both sides and the 

amount of zinc is 100 g/m2 (designation Z100MBO). The chemical composition of the 

materials is given in Table 1.   
Table 1. Chemical Composition for Materials M, T. 

 

2.2 Methods 

2.2.1 The uniaxial tensile test 

The uniaxial tensile test is the most widespread test in which the basic mechanical 

characteristics of the sheet are obtained. The aim of the test, the conditions and shape of 

the test sample, indicating the standards STN EN ISO 6892-1, is to obtain the values of 

the basic mechanical characteristics. The results of this test are to assess the formability, 

especially deep drawing sheets, considerable importance [2]. 

To obtain anisotropic properties of the material, samples are taken in the 0°, 45° and 

90° direction with respect to the rolling direction for the tensile test. The tensile strength 

Re, tensile strength Rm, total elongation A80, and uniform elongation AH are preferably 

evaluated from the tensile test. The materials were tested on a TIRA- test 2300 tearing 

machine, which is shown in Fig. 1. A MYTUTUYO caliper with an accuracy of 0.01 mm 

and a Carl Zeiss Jena optical length gauge with an accuracy of 0.001 mm were also used. 

A flat test sample was used for the test, the dimensions of which are shown in Fig. 2. [8]. 

 

                                                                                  
                    Figure 1. Tearing machine - TIRA-test 2300                Figure 2. Test sample shape 

For the experimental research, 3 pcs of test samples from each direction were fabri-

cated for both materials. The measured mechanical values are shown in Table 2 and 3. 

 
Table 2. Mechanical properties of Material M        Table 3. Mechanical properties of Material T 

                                                        
 

2.2.1.1 Evaluations of the experiment 

Material Chemical composition %   

C Si Mn P S Nb Ti

M 0.04 0.1 0.415 0.042 0.004 0.026 0.037

T 2.4 0.2 1.683 0.018 0.003 0.004 0.009

Cr Cu Ni Zr Mo Al

M 0.031 0.011 0.017 0.001 0.005 0.035

T 0.055 0.028 0.018 0.007 0.008 1.73

Mechanical properties of sample Tof sample M

 Direction Rp₀.₂ Rm A80

[o] [MPa] [MPa] [%]

 0o
221 387 35

 45o
228 370 37.9

 90o
240 384 36.3

Mechanical properties of sample T

 Direction Rp₀.₂ Rm A80

[o] [MPa] [MPa] [%]

 0o
444 773 28.3

 45o
443 764 25.9

 90o
452 768 26.4
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Yield strength 

Taking into account the rolling direction, the maximum value of the yield strength 

𝑅𝑝 0,2 of the tested sheet M reaches a maximum value in the 90° direction and a mini-

mum value in the 0° direction. Taking into account the rolling direction, the maximum 

yield strength 𝑅𝑝 0,2 of the tested sheet T reaches a maximum value in the 90° direction 

and a minimum value in the 45° direction.  

                                                     Tensile strength    

Taking into account the rolling direction, the maximum tensile strength 𝑅𝑚 of the 

tested sheet M reaches a maximum value in the 0° direction and a minimum value in the 

45° direction. Taking into account the rolling direction, the maximum tensile strength 

𝑅𝑚 of the tested sheet T reaches a maximum value in the 0° direction and a minimum 

value in the 45° direction. 

                                                    Ductility 

Taking into account the rolling direction, the maximum value of the ductility 𝐴80 of 

the tested sheet M reaches a maximum value in the 45° direction and a minimum value 

in the 0° direction. Taking into account the rolling direction, the maximum value of the 

ductility𝐴80 of the tested sheet T reaches a maximum value in the 0° direction and a min-

imum value in the 45° direction. 

2.2.2 Biaxial tensile test 

     The principle of the test consists in bulging tested sheet metal with hydraulic fluid 

supplied under pressure. The sheet metal to be tested is clamped firmly between the bot-

tom plate and the draw bar. The supplied pressurised fluid (hydraulic oil) bulges the 

test plate until it breaks. The ductile properties of the tested plate are measured by the 

height of the spherical cap at breaking, the pressure of the injected fluid which is sensed 

by a sensor, the shape of the crack after breaking and the surface of the ball cap. [9,10] 

From the height of the spherical cap it is possible to determine the logarithmic de-

formation φ (or the intensity of deformation φi) or the relative deformation Ɛ. As an ap-

proximation, the crack shape is also used to assess the ductile properties of the sheet un-

der investigation. [5-7] 

A schematic of the device is shown in Fig. 3. The same materials were used for the 

test as for the uniaxial test. A 130 x 130 mm sheet was cut from each material. We evalu-

ated 5 samples from material M and 3 samples from material T. 

 

 
Fig. 3 Schematic diagram of the biaxial tensile testing machine 

1 - bottom plate, 2 - draw bar, 3 - tested plate, 4 - bulge height sensor, 5 - fluid pressure sensor, 6 - 

hydraulic oil, 7 - draw bar 

The stress in the material during cap extrusion is calculated for thin-walled vessels 

according to Laplace's equation: [1] 

𝝈 =
𝒑∗𝑹

𝟐∗𝑺𝟎
                                                             (1), 
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where: p - fluid pressure [MPa], s0 - actual material thickness [mm], R - radius of curva-

ture of the spherical cap [mm]. 

The plastic properties of the investigated material can also be expressed by the rela-

tive plastic deformation (or ductility A given in %) expressed by the formula: 

                                                           [%]                         (2),                                                                         

where: l - is the length of the spherical cap after breaking [mm], lo - length before plastic 

deformation (diameter of the tensile rod) [mm]. 

The device for the biaxial tensile test was constructed at the Department of Tech-

nology, Materials and Computer Support of Production, Faculty of Mechanical Engi-

neering, Technical University in Košice and is shown in Fig. 4. Fig. 5 shows the samples 

after the biaxial test. 

   

Figure 4. Biaxial test device                              Figure 5. Material M after Bulge test 

      Table 4 shows the average material M values obtained by the Bulge test. 

Table 4. Measured values of material M 

 

      Tab. 5 shows the average material T-values obtained by the Bulge test 

Table 5. Measured values of material T 

 

 

3. Results and Discussion 

o

o

l

ll −
=

Sample 

 

h 

[mm] 

𝑹𝒆 

[MPa] 

𝝈𝒄𝒐𝒏𝒗. 

[MPa] 

𝝈𝒂𝒄𝒕𝒖. 

[MPa] 

ε  

[%] 

𝝋𝒊 

[%] 

T 18.1 496 603 716 13.8 25.9 
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      This section compares the measured and calculated material M and T values for the 

uniaxial and biaxial tests. 

       Fig. 6 shows the yield strength values measured in the uniaxial and biaxial tests. The 

highest yield strength value for the uniaxial test was obtained for material M at 90° roll-

ing direction, namely 240 MPa. For the biaxial test, a value of 333 MPa was measured. 

The highest yield strength in the uniaxial test was achieved by material T at 90° rolling 

direction, 452 MPa. For the biaxial test, a value of 496 MPa was measured. 

 

 
 

Fig. 6 Comparison of yield strength of materials M and T 

 

      Fig. 7 shows the tensile strength values measured in the uniaxial and biaxial tests. 

The highest value of tensile strength in the uniaxial test was obtained by material M at 0° 

rolling direction, i.e. 387 MPa. In the biaxial test, a value of 449 MPa was measured. The 

highest yield strength value in the uniaxial test was obtained by the material T at 0° roll-

ing direction, i.e. 773 MPa. In the biaxial test, the test was aborted after reaching 603 

MPa. 

 

 

 

Fig. 7 Comparison of tensile strength of M and T materials 

     

Fig. 8 shows the ductility values measured for the uniaxial and biaxial tests. The 

highest ductility value in the uniaxial test was achieved by material M at 45° rolling di-

rection, 37.9%. For the biaxial test, we obtained ε and 𝜑i values of 29.5% and 52.1%, re-

spectively. The highest ductility value in uniaxial test was obtained by material T at roll-

ing direction 0°, namely 28.3%. For the biaxial test, we obtained ε values of 13.8% and 𝜑i 

of 25.9% due to the premature termination of the test. 
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                                                             Fig. 8 Comparison of ductility of M and T materials 

5. Conclusions 

The appropriate use and processing technology for steel plate can be recommended 

based, among other things, on the values of mechanical properties. This paper describes 

the basic characteristics of the evaluation of the mechanical properties of thin high-

strength plates obtained by uniaxial tensile testing and biaxial tensile testing. Although 

considerable efforts have been made so far to find only one universal test to characterize 

the suitability of the material for tensile testing, this goal has not been achieved. A single 

evaluation test cannot unambiguously determine all the properties that affect the pro-

cessing of thin steel plates.  

Based on the resulting values mechanical properties, surface anisotropy, of the 

normal anisotropy coefficient and the exponent deformation strengthening can be stat-

ed: TRIP steel RAK40/70 has almost double higher strength compared to microalloyed 

steel H220PD, while the areal anisotropy parameters mechanical properties are more 

pronounced for H220PD microalloyed steel. Microalloyed steel H220PD has TRIP steel 

RAK40/70 higher ductility. 

From the results of the tests we have conducted on the tested materials, it can be 

concluded that the differences are not only depending on the test carried out, but also 

depending on the rolling direction. 
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References 

1. SUTAR, V., DHARANKAR, C.S., THIRUPATHI RAJU, B.: High Strength Steel for Automotive Applications. International  

     Research Journal of Engineering and Technology. Vol. 3, Issue 5, (2016), p. 966-968. ISSN 2395 -0056 

2. SPIŠÁK, E., MAJERNÍKOVÁ, J.: Thin steel plates-methods of evaluation of their properties, Košice, 2016, ISBN: 978-80-553-

2647-4 

3. SPIŠÁK, E.: Limit states in tension of thin steel plates and their modelling. Inaugural lecture, Košice, 2000 

4. SPIŠÁK, E. et al.: Materials for conventional and advanced technologies, Košice, 2012 

5. SPIŠÁK, E., MAJERNÍKOVÁ, J.: Analysis of variance of mechanical properties of sheets as the input parameters for simula-

tion of processes. Acta Metallurgica Slovaca. Vol. 18, no. 2-3., 2013, p. 109-116 

6. SLOTA, J., SPIŠÁK, E.: Determination of flow stress by the hydraulic bulge test, Metalurgija, 47(1), 2008, 13-17 

7. SPIŠÁK, E., SLOTA, J., TOMÁŠ, M., EVIN, E., MAJERNÍKOVÁ, J.: Optical Measuring of 3D Deformation in Sheet Metal 

Forming. Acta Mechanica Slovaca 15 (4): 74 - 81, 2011 

8. FARIDMEHR, Iman et al. Correlation between Engineering Stress-Strain and True Stress-Strain Curve. American Journal of 

Civil Engineering and Architecture [online].2014, 2(1), 53-59 [cit. 2017-05-02]. DOI: 10.12691/ajcea-2-1-6.  

9. CAMPOS, H.; SANTOS, A.D.; MARTINS, B.; ITO, K.; MORI, N.; BARLAT, F. Hydraulic bulge test for stress-strain curve de-

termination and damage calibration for ITO-GOYA model. In Proceedings of the World Congress on Computational Con-

gress XI, Barcelona, Spain, 20–25 July 2014.  

10. ABENDROTH, M. FEM analysis of small punch tests. In Proceedings of the 3rd Annual International Conference SSTT, Graz, 

Austria, 23–25 September 2014 

 



 

 

    

66 
 

Increasing the technological life of molds for high-pressure 

aluminum casting by applying PVD coatings 

Ján Hašuľ 1, *, Janette Brezinová 1 

1 Technical University of Košice, Faculty of Mechanical Engineering, jan.hasul@tuke.sk, 

janette.brezinova@tuke.sk  

Abstract: The paper is focused on the assessment of surface wettability using contact angle meas-

urement. To increase the lubrication effects in the production of Al-based castings, the surface of 

the PVD coatings was textured using laser beam technology (LBT). Two types of textures were 

created. Distilled water and 2 types of separation agents Safety Lube 7815 and Safety Lube 8801 

were used to determine surface wettability. 
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1. Introduction 

Recently, the high-pressure casting process is often used to produce castings from aluminum and 

its alloys intended mainly for the automotive industry. In this process, molten aluminum is injected 

into the mold cavity at a temperature in the range of 670-710 °C at a speed of 30-100 m.s-1 and under 

a pressure of up to 120 MPa. However, these conditions lead to wear of the forms and thus reduce 

their technological life [1]. Basic wear mechanisms include fatigue wear, high-temperature corro-

sive wear, erosive wear, metal sticking to the surface of the mold (die soldering) and thermal fa-

tigue wear [2]. High temperature corrosion is characterized by the loss of matrix material from the 

mold surface. The metal bonding process can be divided into 2 groups [3]: (a) metallurgical, which 

is characterized by a high number of cycles and a high temperature of the mold surface; (b) me-

chanical, which is characterized by a low number of cycles and high melt. The layers formed dur-

ing this process are usually the product of the simultaneous action of metallurgical and mechanical 

bonds [4]. Mechanical and thermal fatigue wear is caused by repeated cycles of the process, or 

voltage changes caused by alternating heating and cooling of the mold surface during the 

high-pressure casting process. The formation of cracks from thermal fatigue wear leads to losses of 

mold material as small fragments are peeled off from the mold surface [4,5]. Figure 1 cracks in the 

zones of sharp transitions of the surfaces of the shaped parts of the mold [6]:  

                       

                      Figure 1. Cracks in the zones of sharp transitions of the surfaces of the shaped parts of the mold 
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The alloys used in the high-pressure casting process are based on Al-Si and are referred to as       

Silumins. The castability of high pressure die casting (HPDC) alloys was reported to be principally 

related to the die temperature, the in-gate velocity of melt, and casting pressure. It was found that 

the combination of die temperature, the mould filling capacity of molten metal, the geometrical 

complexity of parts and cooling rate during die casting significantly affect the integrity of cast 

components. In addition, the slow forwarding speed of melt in the shot sleeve was found to be able 

to minimize the gas entrainment in the HPDC process and increase the mechanical properties of 

castings [7]. 

2. Materials and Methods 

Uddeholm Dievar tool steel was used for the experiment as a base material (BM), which is used to 

produce molds used for high-pressure casting of aluminum and its alloys. This tool steel is alloyed 

with elements Cr, Mo, and V. It has very good resistance to high temperatures, coarse cracking, hot 

wear, and plastic deformation. Also, the material excels with good toughness and ductility, good 

strength at high temperatures and, at the same time, dimensional stability at high temperatures 

during the high-pressure casting process. Among the basic areas of use of the material are mainly 

high-pressure casting, forging, hot pressing of sheet metal and others. Table 1 shows the chemical 

composition of the Uddeholm Dievar material. 

Table 1. Chemical composition of Uddeholm Dievar 

 

 

Wettability of the mold surface and the effect of texturing on surface wettability were evaluated by 

measuring the contact angle on the Advex device using the trapped bubble method according to 

the ISO 19403 standard. Distilled water, two separation agents Safety Lube 7815 and Safety Lube 

8801, which are used in the high-pressure casting process of Al and its alloys, were used as test 

fluids. 

             

           Figure 2. Contact angle determination scheme 

Two types of samples with a non-textured and a textured surface were made for the measurements. 

In the case of non-textured samples, their surface was modified by wet sandblasting technology. 

Texturing of the surface of the samples was performed using the LBT (laser beam texturing) 

method. A Piranha II Multi FL205 type Yb laser device (Figure 3) with a power of 20 W was used to 

create dimple textures that serve as a separation agent reservoir in the process of high-pressure 

casting of aluminum and its alloys. 

Element C Si Mn Cr Mo V 

Weight % 0.38 0.2 0.5 5 2.3 0.6 
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                         Figure 3. Laser texturing device  

Three PVD coatings (AlTiN G, AlXN3, nACRo4) were applied to the thus prepared surfaces. AlTiN 

is a high-performance gradient coating that is used for machining materials that have higher 

strength and hardness. It solves many tribological problems in practice. The main area of applica-

tion of this coating is coating of drilling tools, coating of molds for high-pressure aluminum cast-

ing. The coating can be applied at temperatures of 450 °C to 475 °C. AlXN3 is a duplex coating 

consisting of: X=Cr; CrN layer + Al/CrN nanomultilayer + AlN layer. It is a tough coating that has 

high resistance to abrasion at high temperatures and is also used in solving various tribological 

problems. Molds for high-pressure casting are coated with it to reduce abrasive wear, but also tools 

for cutting solid materials to reduce tool wear during the cutting process. The nACRo4 nanocom-

posite coating belongs to the group of 4th generation nacomposite coatings. It has high toughness 

and is resistant to abrasion and suitable for high temperatures. Tools for machining non-ferrous 

metals, as well as molds designed for high-pressure casting of aluminum and its alloys, are coated 

with it. The nACRo4 coating consists of the following layers: The first layer is made of CrN – this 

layer is referred to as the adhesive layer. An AlCrN gradient layer is applied to the adhesive layer. 

Subsequently, thin AlCrN nanolayers are applied to the gradient layer. The final top layer is made 

of nc-AlCrN/a-Si3N4. 

Table 2. Basic properties of used coatings 

  

    

 

3. Results 

3.1 Texturing of the surface 

Laser random and organized laser large, dimpled textures were created on the surface of the sam-

ples. Dimple textures were purposely created to serve as a separating agent reservoir in the repeti-

tive process of high-pressure casting. It was found that it is possible to apply stochastic (laser ran-

dom) textures to the surface of the mold, because the shape parts of the molds are complex in 

shape, they have different roundings and bevels, therefore large textures cannot be applied to the 

shape parts of the molds. Figure 4 shows examples of stochastic (laser random) texturing (Fig.4a) 

and organized (laser large) texturing (Fig.4b) 

 

 

Coating AlTiN G AlXN3 nACRo4 

Max. temperature used [°C] 900 900 1100 

Hardness [GPa]  38 32 40 
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a)                                     b) 

Figure 4. Texturing of surface: a) stochastic (laser random), b) organized (laser large) 

3.2 EDX analysis of PVD coatings 

The chemical composition of the AlTiN G coating was determined by EDX analysis (Table 3). The highest pro-

portion of titanium was found in the coating. Other elements also appeared, namely carbon, nitrogen, and aluminum. 

               Table 3. EDX analysis of AlTiN G coating 

AlTiN G coating 

Element Weight% 

C K 4.18 

N K 32.24 

Al K 30.89 

Ti K 32.69 

Totals 100.00 

The highest proportion of chromium and nitrogen elements was found in the AlXN3 coating (Table 4).                  

A higher proportion of aluminum was found and a small percentage of carbon in the coating. 

Table 4. EDX analysis of AlXN3 coating 

  

 

 

 

 

 

A certain proportion of silicon was detected in the nanostructured coating nACRo4 (Table 5). Silicon improves the 

mechanical properties of the surface. Silicon is an element dependent on the formation of a nanocomposite structure. 

During coating deposition, silicon tends to segregate along grain boundaries as SixNy and forms an amorphous com-

pound during deposition. 

 

AlXN3 coating 

Element Weight% 

C K 3.63 

N K 31.28 

Al K 28.12 

Cr K 36.97 

Totals 100.00 
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              Table 5. EDX analysis of nanocomposite nACRo4 coating 

  

 

 

 

 

 

                   

 3.3. Measurement of contact angles  

    The average values of the contact angles of the untextured surface of the pure base material as well as the material    

with PVD coatings were measured (Table 6).  

       Table 6. Average values of the contact angles of the non-textured surface with PVD coatings 

Used fluid 
Average value of contact angles without texture 

BM (ground) BM (polished)  AlTiN G nACro4 AlXN3 

Distilled water 67.6 65.8 78.2 77 78.6 

Safety Lube 7815 45.5 46.8 42.5 38.5 37.2 

Safety Lube 8801 29 32 30.4 28.4 28.9 

The best wettability of the surface was achieved by the separating agent Safety Lube 8801, where the smallest values of 

contact angles were achieved. When distilled water encountered the surface, worse wettability was found compared to the 

used separation agents, and the highest values of contact angles were measured (Table 6). 

 

                         a)                                                b) 

Figure 5. Outputs from contact angle measurements – a) Distilled water; b) Safety Lube 8801 

During measurements of the surface with created dimple textures, the average values of the contact angles of the base 

material without and with PVD coatings were measured, which are shown in Table 7. 

        

    Table 7. Average values of the contact angles of the textured surface with PVD coatings 

 

Used fluid 
Average value of contact angles with texture 

BM AlTiN G nACro4 AlXN3 

Distilled water 73.7 72.3 62.6 64.8 

Safety Lube 7815 46.2 46.1 44.8 44.4 

Safety Lube 8801 31.9 28.2 27 28.5 

nACRo4 coating 

Element Weight% 

C K 2.50 

N K 31.39 

Al K 17.92 

Si K 3.84 

Cr K 44.34 

Totals 100.00 
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The best surface wettability was achieved by the separating agent Safety Lube 8801. When distilled water was used as 

the test liquid, higher values of contact angles were found compared to the Safety Lube separating agents, which means worse 

surface wettability (Table 7). 

 

                            a)                                            b) 

Figure 6. Outputs from contact angle measurements – a) Safety Lube 7815; b) Safety Lube 8801 

          4. Conclusions 

The experimental work was aimed at evaluating the wettability of non-textured and textured surfaces. The best wetta-

bility of both non-textured and textured surfaces was measured with Safety Lube 8801 separating agent with small contact 

angles compared to Safety Lube 7815 separating agent and distilled water. The largest values of contact angles were measured 

during measurements with distilled water. In the next stage of the experiment, the influence of texturing in the measurement 

of tribological properties will be investigated, where texturing should reduce the resulting values of the friction coefficient 

compared to a non-textured surface. In the next parts of the experiment, attention will be paid to the evaluation of the effect of 

surface texturing on the quality of coatings during cyclic immersion tests in molten AlSi9Cu3 alloy 10 and 20 times for 15 min. 
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Abstract: Nanotechnology allows, thanks to the ability to manipulate the modeling of substances 

at the atomic level, to create materials with a unique structure and new improved properties. Finite 

element method (FEM) is a standard method of analysis and simulation of structural and mechani-

cal elements, but its role in the field of nanostructures' numerical simulation is still growing. The Eu-

ropean Commission defines nanomaterials as substances whose parts have at least one size dimen-

sion between 1 and 100 nanometers. However, there appears to be a larger variance between the the-

oretically and numerically determined values of the thickness of the carbon nanostructures. This 

challenge of standardizing the physical thickness of a graphene sheet along with its mechanical 

properties is referred to within the scientific community as the Yakobson's paradox. If the expected 

thickness of graphene is the same as the interlayer distance of graphite, the value of Young's mod-

ulus is around 1 TPa. In the works that use the shell model in the analysis, the estimate of the elastic 

modulus is around 5 TPa. Finally, the article shows the dependences between the thickness and 

the modulus of elasticity, in-plane and bending stiffness. 

Keywords: nanomaterials; graphene sheets; Yakobson; thickness; mechanical properties; finite ele-

ment method 

 

1. Introduction 

Nanotechnology has been developed as a field of science with wide applications 

in various fields. Reducing the particle size and tuning the particle morphology of mate-

rials from micro- to nanoscale results in unique properties and the creation of new gener-

ations of materials and structures. The reason why nanomaterials show enhanced prop-

erties is the large surface-to-volume ratio and the quantum confinement effect. It is there-

fore essential to understand their nature and possible ways of their analysis [1].   

Graphene and its associated nanostructures have been investigated in detail over 

the past decade using experimental and numerical methods. Graphene is a planar array 

of carbon atoms that are linked by sp2 C-C covalent bonds to form the hexagonal cells that 

are the basic structure of graphite. Graphene can be understood as a two-dimensional 

crystal. The distance between neighboring atoms is dCC = 1.42 Å. A remarkable detail 

of graphene crystals is that they preferentially break at crystal edges of two types: zig-zag 

edge runs parallel to the graphene lattice vector, armchair edge runs parallel to carbon 

bonds (Figure 1) [2]. 

The graphene geometry is defined by the chiral vector Ch and the chiral angle θ. 

A chiral vector is represented by two unit vectors a1 and a2 and two integers m and n, as 

shown in the equation below [3]: 

𝑪𝒉 = n𝒂𝟏 + m𝒂𝟐, (1) 

 



Novus Scientia 2023  
 

73 

 

 

Figure 1. STM image of a large graphene monolayer obtained through exfoliation. The edges of 

the crystal are preferably oriented in a zig-zag (red) or armchair (blue) shape [4]. 

The basic configuration of graphene sheet can be defined based on the chiral vector 

or the chiral angle θ, as shown in Figure 2. This results in three different configurations, 

which include chiral (if 0° < θ < 30° or m ≠ n ≠ 0), zig-zag (if θ = 0° or m = 0), and armchair 

(if θ = 30° or m = n) graphene structure [3]. 

 

Figure 2. Graphene sheet scheme and definition of its geometric parameters to describe zig-zag 

(left), armchair (middle) and chiral (right) structure [3]. 

2. Materials and Methods 

The most commonly used way to represent the graphene sheet in FEM analysis is 

to consider each carbon atom to be a node, while the covalent bond between them is rep-

resented by a finite element. The mechanical properties of this bond, such as E (Young's 

modulus) and G (shear modulus), can be determined by the equations representing the 

equivalence between the deformation energy and the harmonic potential of a hypothetical 

beam of length L [2]: 

𝑘𝑟

2
(𝛿𝑟)2 =

𝐸𝐴

2𝐿
(𝛿𝑟)2, (2) 

𝑘𝜏

2
(𝛿𝜑)2 =

𝐺𝐽

2𝐿
(𝛿𝜑)2, (3) 

𝑘𝜃

2
(𝛿𝜃)2 =

𝐸𝐼

2𝐿

4 + Ф

1 + Ф
(𝛿𝜃)2, (4) 
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where 𝛿𝑟 is bond stretching, 𝛿𝜃 is bond angle change and 𝛿𝜑 is twist angle change, kr is 

a force constants of bond stretching resistance, kθ is a bond bending resistance and kτ is 

twisting resistance (the values of constants are kr = 6.52 × 10-7 Nmm-1, kθ = 9,00 × 10-10 N nm 

rad-2 a kτ = 2,78 × 10-10 N nm-1 rad-2), A is the cross section area, J is the polar moment of 

inertia, I is the second moment of area, Ф is the shear deformation constant. 

Graphene sheets in the molecular mechanics are considered as large molecules con-

sisting of carbon atoms with atomic nuclei considered as mass points whose motions are 

governed by force field. Based on the equivalence of molecular mechanics and structural 

mechanics for interaction between carbon atoms, it is possible to derive relations between 

force field constants (molecular mechanics) and stiffness quantities of the beam (structural 

mechanics). If we take into account that the deformation energies from the molecular and 

structural mechanics correspond to each other, we obtain relations that express the de-

pendence between the constants of the force field (parameters of molecular mechanics) 

and the stiffness quantities of the beam (parameters of structural mechanics) [5]: 

𝑘𝑟 =
𝐸𝐴

𝐿
, (5) 

𝑘𝜃 =
𝐸𝐼

𝐿
, (6) 

𝑘𝜏 =
𝐺𝐽

𝐿
. (7) 

The last three equations are the basic relationships used in the finite element analysis 

of nanomaterials. Supplementary equations, which serve as input for modeling graphene 

spatial structures in numerical analysis programs, are expressed as follows [5]: 

𝑑 = 4√
𝑘𝜃

𝑘𝑟

, (8) 

𝐸 =
𝑘𝑟

2𝐿

4𝜋𝑘𝜃

, (9) 

𝐺 =
𝑘𝑟

2𝑘𝜏𝐿

8𝜋𝑘𝜃
2 . (10) 

The above equations will provide a procedure for determining a unique value of 

the bond diameter, d, which is equal to the wall thickness of the nanostructure. However, 

different thicknesses of carbon based nanostructures are often used in scientific works, 

which presents a problem when comparing the obtained results. For this reason, it is ad-

visable to perform calculations for different wall thickness values [6]. 

Based on atomistic computations, it is possible to obtain only an estimate of the in-

plane stiffness, i.e. "𝐷 = 𝐸ℎ" where E is the Young's modulus and "h" is the thickness 

of the graphene sheet. In most properly performed numerical analyses from different 

sources there is an agreement on the numerical value of Eh. In many cases it is not neces-

sary to know the value of E. However, there are also studies where a specific value 

of the modulus of elasticity is required, and therefore in that case it is necessary to make 

an estimate of the thickness h for the calculation. According to Huang et. al., hence 

the wide spread in the published values of E [7]. 

The thickness of the element in the form of its diameter d = 0.1486 nm can be calcu-

lated based on the equation (8), while kr, kθ and kτ are known as their values are available 

in AMBER or MORSE format in the literature [8]. The condition is that the cross-section 

of the element representing the carbon bond is considered circular. Calculation models 

of nanostructures with such a thickness have been experimentally and analytically veri-

fied, therefore it is possible to draw the conclusion that it is appropriate to calculate 
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the thickness d from force constants and implement them in atomistic models. However, 

if the carbon nanostructure is represented by continuum elements, e.g. shell or plate, 

the tensile stiffness  

𝑇 =  
𝐸ℎ

1 − 𝜇2
, (11) 

as well as the bending stiffness  

𝐵 =  
𝐸ℎ3

12(1 − 𝜇2)
 (12) 

are calculated. Their ratio leads to the expression for thickness  

ℎ =
√12𝐵

𝑇
. (13) 

In that case it is usual to assume a thickness of 0.34 nm. This thickness of 0.34 nm is 

derived based on the interatomic/interplanar distances between carbon atoms in multi-

layer graphene systems [9]. 

3. Results 

The graphene sheets are generated in the Nanotube modeler program, from which 

their xyz coordinates and connectivities are obtained. These data are exported in PBD for-

mat and transferred using a script created in the Matlab program to a program designed 

for numerical analysis (Ansys). The nanostructures are then simplified - carbon atoms 

represent nodes of finite elements and interatomic interactions are represented using fi-

nite elements (beam type BEAM4). Thus, graphene sheets are modeled as spatial frame 

structures using beam elements that will be immaterial, with all mass concentrated 

at the nodes. 

The stiffness of an object expresses its resistance in response to an applied load. If 

the original length is L, and after loading by uniaxial tension, it increases to L + ΔL under 

the influence of external force F, then using Hooke's law, the Young's modulus of the gra-

phene sheet can be calculated according to the following equations [10]: 

𝜎 =  normal stress =  𝐹/𝐴, (14) 

휀 =  deformation =  ∆𝐿/𝐿, (15) 

𝐸 =  Young´s modulus =  𝜎/휀, (16) 

𝜇 =  Poisson´s ratio =  −휀𝑤/휀𝐿 . (17) 

where A is a cross-sectional area of the graphene sheet, 휀𝑤 is absolute elongation along 

the width of the graphene sheet and 휀𝐿 is absolute elongation along the length of the gra-

phene sheet. 

Along with the above mentioned relations for the in-plane stiffness D and the bend-

ing stiffness B (equation (12)), the values of Young's modulus, in-plane and bending stiff-

ness can be calculated for different thickness of the graphene sheet. Since the Poisson's 

ratio does not depend on the thickness of the graphene sheet, it will not change with the 

changing thickness. 

Two types of graphene sheets are modeled – first with a thickness equal to the thick-

ness of the element in the form of its diameter d = 0.1486 nm and second with a thickness 

of 0.34 nm, which is derived from the interatomic/interplanar distances between carbon 

atoms in multilayer graphene systems. The analyzed graphene sheet has chirality (14,0), 

width w = 3,4457 nm and length varying from 3,4 to 17 nm. In the analysis, one side of the 

sheet is fixed and the opposite one is loaded by the force F according to Figure 3. 
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Figure 3. a) geometry of analyzed graphene sheet, b) applied boundary conditions and loading. 

The obtained values of Young's modulus, in-plane and bending stiffness are shown 

in Figure 4 to Figure 6. 

 

Figure 4. Values of Young's modulus for thickness a) d = 0.34 nm, b) d = 0.1486 nm. 

 

Figure 5. Values of bending stiffness B for thickness a) d = 0.34 nm, b) d = 0.1486 nm. 

 

Figure 6. Values of in-plane stiffness for thickness a) d = 0.34 nm, b) d = 0.1486 nm. 
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4. Discussion 

It can be determined from the computations that the Young's modulus is around 1 

TPa for thickness 0.34 nm but increases into approximately 2.4 TPa when thickness equal 

to the diameter 0.1486 nm is applied. There is also a slight increase with the increasing 

length of the graphene sheen caused by the boundary conditions. Bending stiffness ex-

pressed for two thicknesses of carbon sheets also changes with the changing thickness. It 

can be seen that its values depend on the chosen thickness and the calculated Young's 

modulus according to equation (12). Figure 6 shows the in-plane stiffness which is not 

affected by the change in the thickness. On the other hand, it is clear that it depends on 

the dimensions of the graphene sheets.  
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Abstract: The paper deals with the measurement of corrosion resistance of galvanized, high 

strength low alloyed steel HX340LAD+Z after different degrees of deformation. Electrochemical 

impedance spectroscopy and linear polarization were evaluated. Polarization resistance Rp and 

corrosion rate were evaluated. The dependence between the degree of deformation and the corro-

sion rate was found. 

Keywords:electrochemical impedance spectroscopy, linear polarization, deformation, 

HX340LAD+Z 

 

1. Introduction 

Galvanized steel sheets are used in many industries due to their resistance to cor-

rosion. This is mainly the automotive industry, where the basic steel sheet is protected by 

a Zn layer. Since many parts are processed and deformation occurs in various processes 

of forming, it is important for the automotive industry that the coating shows good 

formability. Since the Zn coating during the forming process can be disturbed, the base 

material can be exposed to an aggressive environment [1]. The Zn layer in the forming 

process adapts to compressive stresses without peeling from the base material, which is 

an advantage of such a coating [2]. 

The corrosion resistance of deformed galvanized steel was investigated by Sacco et 

al. [2], who investigated the linear polarization of deformed galvanized steel. They found 

an increased rate of corrosion with the degree of deformation [3]. Other studies were 

carried out [4-6] to determine the behavior of Zn coating on steel sheets in the forming 

process, but these investigations were focused on limit deformations during forming, 

changes in the coefficient of friction, lubrication characteristics, etc. and not for corrosion 

resistance after the forming process. 

This article deals with a galvanized steel sheet that was deformed by uniaxial ten-

sion at four different degrees of deformation. The goal was to determine the corrosion 

resistance of the coating and determine the dependence of the corrosion rate on the de-

gree of deformation. Accelerated corrosion laboratory measurements such as electro-

chemical impedance spectroscopy (EIS) and linear polarization (LP) were used to forge 

these measurements. 

2. Materials and Methods 

2.1 Material 

HX340LAD+Z microalloyed steel with a thickness of 0.8 mm and a Zn layer of 

100 g/m2 was used to perform this experiment. The chemical composition and mechani-
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cal properties can be found in Table 1 and 2. Mechanical properties were determined by 

static tensile test. 

Table 1Chemical composition of the material, wt.%. 

C Mn Si P S Al min Nb Ti 

0.07 0.6 0.007 0.016 0.007 0.034 0.025 0.001 

Table 2 Mechanical properties of the material. 

Rp 0,2 [Mpa] Rm [Mpa] A80 [%] 

351±1.3 427±1.7 26±0.1 

 

2.2 Deformation of samples 

The samples were deformed by uniaxial tension on the Tiratest 2300,universal ten-

sile test machine. Traverse speed was 10 mm/min. Before the test, uniaxial tensile meas-

urements were made, and then the deformation points on the measured curve were se-

lected. The chosen degrees of deformation (Figure 1) were 5%, 10%, 15% and 20%. 

Figure 1. Diagram of the tensile test of the material with marked degrees of deformation 

 

2.3 Corrosion studies 

A BioLogic SP-150 potentiostat was used for experimental determination of corro-

sion resistance. The tested area of the samples was 0.636 mm2. The temperature of the 

laboratory during the tests was 23±1 oC. Sample preparation consisted of degreasing with 

nitrocellulose thinner C 6000 and subsequent rinsing with demineralized water. Meas-

urement of corrosion resistance was performed inelectrolyte - 3.5% NaClsolution, which 

simulates an aggressive environment. The samples were placed in this solution for 24h 

(i.e. settling time). A three-electrode connection was used for the measurement. Platinum 

was used as the counter electrode, supersaturated calomel electrode (SCE) was the ref-

erence electrode, and the sample was the reference electrode. The beginning of each test 

was the stabilization of the working electrode, i.e. the stabilization of the open circuit 

potential (OCP). 

 

The following parameters were used for electrochemical impedance spectroscopy 

(EIS) settings. The frequency range was from 10mHz to 100kHz, a sinusoidal amplitude 
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of ±10mV was used. The number of frequencies per decade was 10 (a total of 51 different 

frequencies). 

Linear polarization (LP) settings were ±0.2 V from Ecorr and scan rate was 0.5 mV/s. 

 

Each measurement was made at least 3 times. The measurements were processed 

using the EC-Lab v11.27 software. 

3. Results 

3.1 Potentiostatic Electrochemical Impedance Spectroscopy 

The equivalent circuit in Figure 2 was used to process the measured results. In this 

circuit, R1 represents the resistance of the electrolyte, R2 represents the resistance of the 

zinc layer, and R3 represents the resistance of the base material. The variable capacitance 

Q1 is located at the interface between the electrolyte and the zinc layer, the variable ca-

pacitance Q2 is located at the interface between the zinc layer and the base material. 

 

Figure 2. Equivalent circuit used to analyze the PEIS results. 

The results were processed in the Nyquist coordinate system. In Figure 3, the anal-

ysis of the measured data with an iteration curve (Z-fit) is shown. 

 

 

 

Figure 3.Measured PEIS data with analysis. 

The course of the PEIS measurement is shown in Figure 4. The main parameter that 

indicates the resistance of deformed samples in our case is the R2 value (see Table 3), 

which represents the polarization resistance of the zinc layer. The measurement showed 

that the value of R2 for all degrees of deformation is very low and decreasing with degee 

of deformation. In Figure 4 this value is represented by the first impedance loop, and we 

can therefore say that the zinc layer protects the base material during deformations up to 

20%. 
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Figure 4.PEIS measurements after different degrees of deformation. 

Table 3.Measured values after PEIS analysis. 

Deformation [%] R1 [Ω] R2 [Ω] R3 [Ω] Q1 [F.s] Q3 [F.s] 

0 28±1 492±198 1827±207 0.221±0.018 2.284±0.253 

5 28±1 460±14 1675±95 0.135±0.120 1.494±0.968 

10 27±2 437±63 886±142 0.151±0.010 1.270±0.300 

15 26±1 415±95 639±182 0.186±0.014 5.059±2.231 

20 25±1 423±21 230±85 0.191±0.044 5.416±3.071 

 

3.2 Linear Polarization 

The analysis of the measured LP data can be found in Figure 5 using Tafel fit. During 

the processing of the measured data, emphasis was placed on the fact that the tangents βa 

and βc were drawn through the measured data in strongly linear regions. 

 

 

Figure 5.LP analysis method using Tafel curves. 

The measured curves are shown in Figure 6. The important parameters in our case 

are:corrosion potential Ecorr, corrosion current Icorr and corrosion rate. As the degree of 

deformation increases, the potential Ecorr becomes increasingly negative. Also, with in-

creasing degree of deformation, Icorr increases. So we can say that, with the increasing 

degree of deformation, the corrosion process accelerates, while a thin layer of Zn corro-

sion products is formed on the surface. 
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Figure 6.LP measurements after different degrees of deformation. 

 

In Table 4, the measured data are analyzed using Tafel analysis. With an increase in 

the degree of deformation, Icorr increases, which is an accelerated evolution of hydrogen 

H2 (H+ + e→ (1/2) H2). 

 
Table 4. Analysis of measured LP data 

Deformation [%] Ecorr [mV] Icorr [uA] beta c [mV] beta a [mV] corr. rate [mmpy] 

0 -1042.5±23.3 4.6±0.6 307.5±65.7 22.1±3.1 0.168±0.024 

5 -1073.9±9.3 9.1±0.2 125.3±21.0 316.7±20.9 0.257±0.027 

10 -1078.1±9.6 7.2±0.4 176.9±70.6 70.1±1.1 0.262±0.150 

15 -1088.8±6.2 11.3±0.1 252.8±15.5 30.5±0.6 0.413±0.003 

20 -1126.5±22.4 10.6±0.5 109.2±20.6 100.5±2.6 0.484±0.017 

 

Figure 7 shows the dependence of the corrosion rateon the degree of deformation of 

the steel sheet. If measurement deviations are taken into account, measured dependence 

can be considered linear.So we can say that an increase in the degree of deformation leads 

to very gentle decrease in protective function of Zn layer, the exposure of the basic steel 

material to aggressive environment and reaction with the electrolyte. 

 

 

 

Figure 7.Dependence of the corrosion rateon the degree of deformation. 

 

5. Conclusions 

By analyzing the results of the measurements, the following conclusions can be es-

tablished: 
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• PEIS measurements proved the high resistance of the Zn layer after all degrees of 

deformation. This cannot be said about the base material, where the polarization re-

sistance of the base material decreased significantly with the increasing degree of de-

formation. 

• Through LP analysis, it was found a linear relationship between the corrosion 

rateandthe degree of deformation. It was also found by measurement that icorr and cor-

rosionrateincrease with the increasing the degree of deformation. 

Funding: This research was funded by the Scientific Grant Agency of the Ministry of 

Education,Science, Research and Sports of the Slovak Republic under project VEGA 

1/0154/19: Research intothe combined technologies of joining dissimilar materials for 

automotive industry. 
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Abstract: Mobile operators are reacting to an increasing number of mobile phone users by building 

new base stations. The reaction is an increase in residents' concern about possible health damage 

due to increased electromagnetic field intensity values. The contribution is aimed at comparing the 

EMF intensity before and after the addition of a new operator at a particular base station. The expert 

measurement was carried out by a frequency-selective method, whereby we were able to perform a 

more detailed analysis of data intentions in the mobile operators used in the frequency range. A 

specific base station was chosen because both mobile operators were transmitting in the same fre-

quency range - 800 and 900 MHz. In the experiment, attention was also paid to the assessment of 

the human impact of electromagnetic fields in a particular municipality and its comparison with 

action values within the meaning of the legislation in force.  

Keywords: mobile operators, base stations, intensity, electromagnetic fields, legislative  

 

1. Introduction 

Exposure to the electromagnetic field generated by mobile operators' base stations is 

subject to currently valid legislation. In an article by Boo, SF et al. [1], the authors con-

ducted an experiment comparing the radiated power levels of base stations with the In-

ternational Commission on Non-Ionizing Radiation Protection (ICNIRP) safety guide-

lines. The measured EMF levels were lower than the ICNIRP exposure limits. Similarly, 

in [2], household exposure to electric, magnetic, or electromagnetic fields (EMF) was 

measured. The article reported that all measurement results were well below the ICNIRP 

guidelines. In [3], the authors carried out measurements, the results of which showed that 

the maximum measured exposure value to the electromagnetic field exceeded the refer-

ence levels of exposure of the public to ICNIRP by 2,5% of the places, and the Serbian 

national reference levels by 15,6% of the places. It should be stressed that values exceeding 

the reference levels were only observed in the external environment. In the indoor envi-

ronment, the total strength of the electromagnetic field did not exceed the defined refer-

ence levels. 

The contribution describes an experiment in which we carry out measurements of 

the intensity of electromagnetic fields at selected locations. Measurements were made 

twice at 4 measuring points. The first measurement was carried out during the operation 

of one mobile operator. After adding the second mobile operator to the base station, we 

repeated the measurements at the same measurement points. The measurements were 

carried out using a frequency-selective method, with the help of which we more closely 

analyzed the used frequency range at the given base station. The measured EMF intensity 

values were compared with the permissible action values laid down in the legislation cur-

rently in force in Slovakia. The purpose of the contribution is to assess the impact of the 

EMF by measuring, evaluating, and aligning it with the allowed values. 
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2. Materials and Methods 

In the context of this topic, we have carried out a measurement of the exposure of the 

population to an electromagnetic field. We carried out the experimental measurement at 

the base station, which is located above the village in Slovakia. This base station was cho-

sen due to the increase in the number of mobile operators. The aim of this increase is to 

cover the village with the signal from a further operator. The residents of the municipality 

were interested in seeing how the intensity of the electromagnetic field would increase. 

The measurements were performed at 4 measurement points before and after the ad-

dition of a new mobile operator. The first measurement was carried out during the oper-

ation of one mobile operator using 4 transmitter antennas in the directions of the main 

radiating lobe of 110 ° and 255 ° to cover the village by signal. The second measurement 

was made after adding the second mobile operator. The number of radiating antennas 

was increased by two, where the main direction of radiation remained the same.   

The measuring points (Figure 1) are positioned as follows: 

• M1, and M2 - are positioned in the direct direction of the transmitting antennas  

• M3 – First house near the base station 

• M4 – In the middle of the village 

 

  

(a) (b) 
   Figure 1. (a) measurement point M1; (b) measurement point M3 

 

Measurements were performed at each measurement site using a Narda SRM-3006 

measuring instrument consisting of a spectrum analyzer and a probe for measuring the 

electric field component. The measuring instrument was placed on a carbon tripod at a 

height of 1.5 m. The output of the measurements is the frequency spectrum and cumula-

tive values of the electromagnetic spectrum intensity at each measurement site during 

individual measurements. The measurement time was set to six minutes. The measure-

ment was performed in the frequency band of the measurement chain from 420 MHz to 6 

GHz. During the measurement, the dynamic measurement range was set on the instru-

ment to 5V/m, RBW – 5MHz, the minimum display frequency Fmin – 700 MHz, and the 

maximum display frequency Fmax – 3500 MHz.  

 

Given the measurement method used, the measurement instruments, and the meas-

urement conditions, the uncertainty in Table 1 was considered in the results. The uncer-

tainty is determined by an internal operating procedure of an accredited test laboratory.  

Table 1. Measurement uncertainty. 

Quantity  Measurement range Measurement uncertainty % 

Electric field strength - E  420 MHz – 1600 MHz 26,4 

Electric field strength - E  1600 MHz – 6000 MHz 29,7 

According to announcements of the Ministry of Health SR 534/2007 Coll [4], these 

values have been compared with the action values for continuous exposure of the popu-
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lation. In table 2 the exposure action values for the electrical, magnetic, and electromag-

netic fields (effective values for continuous exposure) related to the frequency interfaces 

of mobile base stations are shown. 

Table 2. Reference levels for exposure, averaged over 30 min and the whole body, to electromagnetic fields from 400MHz 

to 300 GHz [4]. 

Frequency range  
Electric field strength 

E (V/m) 

Magnetic field 

strength H (A/m) 

Magnetic induction 

B (µT) 

Plane-wave equivalent incident 

power density Seq (W/m) 

400MHz to < 2000MHz  1,375 × f1/2 0,0037 x f1/2 0,0046 x f1/2 f/200 

2 GHz to 300 GHz  61 0,16 0,2 10 
Note: 

1. f is the frequency in units specified in the frequency range column. 

2. For frequencies in the range of 100 kHz to 10 GHz, seq, E2 shall be averaged over a 6-minute interval. 

3. For frequencies above 10 GHz, seq, E2 must be averaged over 68 / f1,05-minute intervals (f in GHz). 

3. Results 

3.1. Full spectrum of measurement 

The frequency range Fmin 700 MHz and Fmax 3500MHz have been set for the measure-

ment. In general, this spectrum is used by operators to operate their services. Figure 2 

shows the frequency spectrum graphs from the M1 measuring point for a given range in 

the operation of one operator and both at the same time. 

  

(a) (b) 
Figure 2. (a) Frequency spectrum M1.1 – one operator; (b) Frequency spectrum M1.2 – two 

operators 

The output of the measurements are cumulative values (table 3) from the frequency 

range Fmin 700 MHz – Fmax 3500MHz, which show us the differences in the intensity of 

electromagnetic fields during the measurements of one operator and both mobile opera-

tors together. 

Table 3. Cumulative values from frequency range 700 ÷ 3500 MHz  

Cumulative val-

ues (V/m) 
M1 M2 M3 M4 

1 operator 0,693 0,285 0,473 0,250 

2 operators 0,766 0,302 0,263 0,238 

3.2. Analysis of transmission frequencies 
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In order to better assess the added operator, we have carried out a frequency range 

analysis of the operators’ frequencies of 800 MHz and 900 MHz. We've been scanning the 

frequency range from Fmin 700MHz to Fmax 1000MHz. Figures 3 and 4 show the frequency 

spectrum from the M1, and M3 measurement points for one operator and both mobile 

operators simultaneously (marked M1.1, M1.2, etc.). 

 

  

(a) (b) 

Figure 3. (a) Frequency spectrum M1.1 – one operator; (b) Frequency spectrum M1.2 – two operators  

  

(a) (b) 

Figure 4. (a) Frequency spectrum M3.1 – one operator; (b) Frequency spectrum M3.2 – two operators 

Table 4 shows the cumulative values from the frequency range of 700 ÷ 1000 MHz 

and Figure 5 gives a graphical representation of these values in V / m. 

Table 4. Cumulative values from frequency range 700 ÷ 1000 MHz. 

Cumulative val-

ues (V/m) 
M1 M2 M3 M4 

1 operator 0,676 0,239 0,447 0,194 

2 operators 0,750 0,261 0,212 0,181 
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Figure 5. graphical representation of cumulative values in V/m  

Assessment of the analysis of transmission frequencies 

• M1, M2 - by adding a mobile operator, the EMF intensity increased by only 

0.074 V/m or by 0.022 V/m. 

• M3, M4 – Conversely, at the measuring points M3 and M4, which were lo-

cated at the dwelling house, the EMF intensity was measured at 0,235 and 

0,013 V / m respectively lower for both operators. This difference may be due 

to several factors, such as the timing of the measurement, the maintenance 

of the services of the first mobile operator in a particular dwelling, or the first 

measurement also capturing another domestic source, such as Wi-Fi. 

3.3 Assessment of population exposure 

The environmental impact assessment of the population has been carried out in the 

range of 700 MHz to 1000 MHz. The measure to be assessed under the legislation in force 

is the cumulative value of the EMF intensity in the frequency range of the resource to be 

assessed. Table 5 shows the values measured, the values assessed the legislative action 

values, and their comparison.  

Table 5. Results of the electric field intensity measurement — impact on the population. 

Measurement 

site 

Frequency 

range 

Measured Effective 

Value Electrical Field 

Intensity 

Eef (V/m) 

Effective electric field 

force value to be as-

sessed 

EefP (V/m) 

Action Values 

(Decree No. 

534/2007) 

Ea (V/m) 

(EefP/Ea)2 

M1.1 700 ÷ 1000 MHz 0,676 0,85 36,4 5,52E-04 

M2.1 700 ÷ 1000 MHz 0,239 0,30 36,4 6,90E-05 

M3.1 700 ÷ 1000 MHz 0,447 0,57 36,4 2,41E-04 

M4.1 700 ÷ 1000 MHz 0,194 0,25 36,4 4,54E-05 

M1.2 700 ÷ 1000 MHz 0,750 0,95 36,4 6,79E-04 

M2.2 700 ÷ 1000 MHz 0,261 0,33 36,4 8,22E-05 

M3.2 700 ÷ 1000 MHz 0,212 0,27 36,4 5,43E-05 

M4.2 700 ÷ 1000 MHz 0,181 0,23 36,4 3,96E-05 
1)  The value to be considered is the measured value plus the measurement uncertainty from the tab. 1 

2)  The action value was taken as the lowest allowed value in the range of the frequency range being evaluated (e.g., for the range 

of 700 to 1000 MHz, the action value for the frequency of 700 MHz is calculated). 

 

In the case of frequency measurement, the ∑ (EefP / Ea) 2 – the sum of all signals with 

a level greater than 30 dB below the maximum measured level must be less than 1. 
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From the measured and calculated values, it was found that the assessed values of 

the EefP electric field from the M1-M4 measuring points do not exceed the action values 

of the Ea electric field. The population exposure is in accordance with the provisions of 

the Act NR SR 355 / 2007 Z Coll. and announcements of the Ministry of Health Commu-

nication SR 534 / 2007 Coll.  

4. Conclusions 

The interest in mobile phone services continues to grow. It is essential that potential 

operators ensure data services for everyone equally. That is why the construction, the ex-

pansion of base stations for mobile operators, is essential. However, there is also a greater 

interest on the part of residents or users in the negative effects resulting from the operation 

of these base stations.  

In the contribution, we described the experimental measurement of EMF intensity at 

the mobile base station where the new mobile operator was added. Measurements before 

and after the addition of a new operator have been evaluated for the frequency range of 

700 ÷ 1000 MHz because both mobile operators use frequencies in this frequency range. 

The increase in values after the addition of the mobile operator was only recorded in the 

vicinity of the base station. Measurements in the municipality of the houses recorded 

lower EMF intensities than in the operation of a single operator. This may be due to the 

time difference when the measurement was performed or to the data services, they use in 

the vicinity of the measuring point. It follows from the above that the extension of the 

station by one operator with specified performance and technical regulation has a negli-

gible impact on the population. 

Based on the measured values of the EMF intensity of the individual measuring 

points, we have carried out a comparison with the permissible action values laid down in 

the legislation in force in the Slovak Republic. All values are well below the EMF action 

values set out in the legislation in force. Nevertheless, it is essential to monitor these 

changes closely. 
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Abstract: Electrification of passenger cars is a common part of the design and production 

of cars thanks to decreasing emission standards. We most often encounter hybrid cars on 

the road, while these cars are powered by an internal combustion engine and electric mo-

tor. If the electric motor is directly connected to the vehicle's drivetrain, it is affected by 

the effects of torsional oscillations, which causes a reduction in the efficiency of the electric 

motor. For this reason, it is necessary to eliminate torsional oscillation as much as possible. 

To eliminate torsional oscillation, a dual-mass flywheel with a certain load characteristic 

is currently used. Our effort is to design a dual-mass flywheel where we could change the 

load characteristic to a certain extent as needed. Such a dual-mass flywheel could be used 

in combustion engines, in hybrid drives, but also in engines with cylinder deactivation. 

Keywords: dual-mass flywheel, hybrid propulsion, torsional vibration 

 

1. Introduction 

Due to current and future environmental and ecological requirements, car manufac-

turers have been forced to apply various technologies to combustion engines, resulting in 

lower fuel consumption and lower emissions. Such technologies and design changes can 

be considered, for example, downsizing, down speeding or cylinder deactivation [1]. 

However, these technologies adversely affected the formation of crankshaft torsional os-

cillation. Historically, several measures have been taken to control the torsional vibrations 

of the powertrain. For engines with high torque, a dual-mass flywheel (DMF) was de-

signed to eliminate torsional oscillation [2, 3]. Figure 1 shows the elimination of crankshaft 

vibration. 

 
Figure 1. The elimination of crankshaft vibration with application of DMF [4]. 

The current trend to reduce emissions is the electrification of vehicles and the transition 

to so-called hybrid electric vehicles (HEV) [2,3]. By combining an internal combustion en-

gine and an electric motor, car manufacturers achieved the required emission production 

value. The hybrid powertrain is an electromechanical system that is sensitive to vibra-

tions. This fact is different from the problems of a vehicle with combustion engine. 
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propulsion. Therefore, it is inevitable to suppress the unwanted torsional vibrations of the 

hybrid vehicle as much as possible. 

2. Defining the problem 

In recent years, much effort has been devoted to DMF research with the aim of im-

proving driving comfort by eliminating vibrations and reducing stress on individual ve-

hicle components. Wang et al proposed a multi-level torsional stiffness DMF [5]. Pfleghaar 

and his team designed an electromagnetic damping system for a dual-mass flywheel [6]. 

Hu et al. analysed the working principle of a torsional vibration damper with a radial 

spring of a dual-mass flywheel [7]. Chen et al. created a nonlinear torsional vibration sys-

tem with two degrees of freedom of a long arc DMF spring [8]. 

The disadvantage of these designs and improvements is the unchanging load char-

acteristic of damping torsional oscillations. Eliminating torsional oscillations is suitable, 

for example, in cars with cylinder deactivation [9]. 

The suppression of torsional vibrations is essential for the driving performance of a 

hybrid vehicle. The main aim of this proposal is to build a model with flexible members 

that will provide optimal damping of torsional oscillations and eliminate vibrations. 

In the issue of piston combustion engines, there is an effort to reduce the torsional 

oscillation entering the electric motor located on the input shaft of the transmission [9]. 

Schematic drive of a hybrid car is shown in following figure. The drive consists of com-

bustion engine (1), DMF (2), electric motor (3), gearbox (4) and gearbox output shaft (5). 

 
Figure 2.Schematic drive of a hybrid car. 

 

Torsional oscillation adversely affects the operation of the electric motor and thereby 

reduces its efficiency and lifespan. In different driving modes and under different condi-

tions, such as the excitation force of the engine, excitation from the road, wheel imbalance, 

or when the car starts, gears or brakes [9]. All this can disrupt the proper operation of the 

electric motor and other parts of the car. One of the possibilities to eliminate the torsional 

vibration of the crankshaft more effectively is to develop an element based on the princi-

ple of a dual-mass flywheel. The dual-mass flywheel, which can be used, is shown in fig-

ure 3.  

 

 
Figure3. Dual mass flywheel [10] 
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3. Design of a pneumatic dual-mass flywheel 

 

Our proposal is a dual mass flywheel in which we can smoothly change the torsional 

stiffness and thereby achieve optimal regulation of torsional oscillations. Torsional stiff-

ness regulation consists of changing the pressure of the gas medium in the vibration 

dampers. Such type of a pneumatic dual-mass flywheel can be seen in Fig. 4. 

 
Figure 4. Pneumatic dual mass flywheel. 

 

The procedure consisted in the design of a dual-mass flywheel using linear pneu-

matic cylinders, which will allow us to smoothly change the torsional stiffness. Pneumatic 

cylinders transfer the torque from the primary to the secondary mass. 

 
Figure 5. Section of pneumatic dual-mass flywheel. 

 

Fig. 5 shows a section of a pneumatic dual-mass flywheel. The principle of use con-

sists in the fact that the primary mass (1) is screwed onto the crankshaft. The engine torque 

is transmitted to the secondary mass via pneumatic cylinders (2). Inside the pneumatic 

cylinders, it is possible to change the pressure of the gas medium and thereby eliminate 

torsional oscillation more efficiently. The torque is transmitted to the secondary part of 

the flywheel and from there by means of a coupling to the transmission input shaft. 

 

 



Novus Scientia 2023  
 

93 

 

4. Conclusion 

The use of dual-mass flywheels in the automotive industry is commonplace today. His-

torical development, increasing driving comfort and lowering emission limits forced car 

manufacturers to develop new components and technologies. Our aim is to design a dual-

mass flywheel with the possibility of regulating the damping of crankshaft torsional os-

cillations. In the next research we would like to focus on the numerical analysis of the 

designed two-mass flywheel, the results of which will be verified by experimental meas-

urements in the laboratory at our workplace. 
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Abstract: Linear position sensors are designed to measure the distance between a physical object 

and a point of reference, as well as changes in position. Linear position sensors are designed to 

measure the distance between a physical object and a point of reference, as well as changes in posi-

tion. Linear position sensors play an important role in automated machinery. Therefore, it is essen-

tial that these sensors are highly accurate and have low measurement errors. In this article there 

were verified properties of two small linear position sensors. They were mounted on a measuring 

stand and detected a change in the position of a reflecting surface. There were created transfor-

mation and calibration characteristics and there were calculated regression equations, standard de-

viations and combined standard uncertainties from obtained data. From the point where both sen-

sors showed a voltage change, the working range was evaluated. Both sensors have different work-

ing range and one of them will be chosen to be used on inclination tribometer for sensing the posi-

tion of the body. 

Keywords: linear position sensor; measurement; uncertainty; proximity 

 

1. Introduction 

Linear position sensors measure by converting displacement into an electrical out-

put. A wide variety of measurement principles can be used to make precise and reliable 

measurements for a broad range of applications. Linear position sensors and measure-

ment systems are used in industrial applications as well as in scientific laboratories. There 

are many different types of linear position sensing technology available: capacitive, in-

ductive, magnetic, photoelectric and ultrasonic [1 – 5].  

Capacitive sensors are non-contact type of linear sensors and work by measuring 

the difference in voltage applied between the sensor and its target. Capacitive sensors can 

either be used in conductive and non-conductive material but is sensitive to environmen-

tal parameters such as air. The principle of inductive sensors consists in the transfor-

mation of the measured position to the change of coil's own inductance, or the coil's mu-

tual inductance. The main part of the sensor is one or more coils. The displacement of the 

measured object changes the electrical and magnetic properties of the sensor. Magnetic 

proximity sensors detect permanent magnets. At first glance they look the same as induc-

tive sensors, but they allow the object to be detected even through non-magnetic metallic 

materials (aluminum, gold, etc.). They have a relatively long range and small dimensions. 

Photoelectric sensors include fiber optic, optical triangulation, and optical time of flight. 

They function by using the projection and detection of light. Ultrasonic sensors work sim-

ilarly to photoelectric sensors by using the projection and detection of sound [1 – 5].  

For purpose of this work two different position sensors were chosen: photoelectric 

and ultrasonic sensor. There are many differences between them, they are used in differ-

ent industrial applications and the aim of this work is to verify their properties in order to 

choose one of them for the next research. 

2. Sensors and Measurement Methodology 
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Ultrasonic sensor UB 800-18 GM 40-1-V1 Pepperl + Fuchs has analog output in the 

form of electric current, but for the purposes of this article, a resistor with a value of 500 Ω 

was used. The resistor was connected to the current output of the sensor, and then 

the drop in electric voltage on this resistor was measured. This modification was imple-

mented in order to make the results comparable with another sensor tested in this article. 

The principle of the sensor consists in non-contact detection of the measured object. 

A measuring stand (Figure 1 left) was created with a linear guide with a range of 1000 mm 

and an adjustable sensor holder specially designed for this purpose and printed on a 3D 

printer from PLA material. On this stand, there was another holder holding reflective sur-

face, which served as the detected object, and it was placed on the linear guide. The mu-

tual distance between the sensor and the reflecting surface was gradually adjusted during 

the measurement using gauge blocks with a step of 2.5 mm from 40 to 80 mm and a step 

of 10 mm from 80 to 850 mm, 10 measurements for each step under the same measurement 

conditions. Sensor was connected to the power supply and multimeter Mastech MY74 

(Figure 1 right). 

 

Figure 1. Measuring chain with ultrasonic sensor. 

The Panasonic HG – C1400-P photoelectric non-contact sensor used the same meas-

uring stand (Figure 2 left) as the ultrasonic sensor for the measurements, therefore 

the same reflective surface was used as the detected object. There was also 3D printed 

sensor holder. In this case, the mutual distance between the sensor and the reflecting sur-

face was also set using gauge blocks (Figure 3) with a step of 10 mm from 200 mm to 600 

mm, and the measurements were carried out 10 times under the same conditions. In this 

article, white matte paper was used as a reflective surface (Figure 3). Sensor was connected 

to the power supply and multimeter UNI-T UT 71E (Figure 2 right). 
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Figure 2. Measuring chain with photoelectric sensor. 

 

Figure 3. Measuring chain and reflecting surface. 

3. Results 

A total of 1350 measurements were performed. The results of the verification meas-

urements of sensors were processed into a graphic form as a transformation and calibra-

tion characteristic. From the point of view of practical application, the usable measure-

ment ranges of these sensors were determined. A regression curve was analyzed 

on the graph of the calibration characteristic, from which the regression equation 

and model were calculated. This will allow to recalculate the output electrical voltage to 

the measured position and equation can be further applied to the electronic unit (PLC or 

microcontroller) to which the sensor will be connected. Both characteristics for sensors can 

be seen in Figure 4, Figure 5, Figure 6 and Figure 7. 
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Figure 4. Dependence of the average output voltage of ultrasonic sensor on the position. 

 

Figure 5. Dependence of the position on the average output voltage of ultrasonic sensor. 

1,5
2

2,5
3

3,5
4

4,5
5

5,5
6

6,5
7

7,5
8

8,5
9

9,5
10

0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640 680 720 760 800 840 880

V
o

lt
ag

e 
[V

]

Position [mm]

Transformation characteristic of ultrasonic sensor

pstnU = 102.69vltgU - 139.6

RU² = 0.9989

0
40
80

120
160
200
240
280
320
360
400
440
480
520
560
600
640
680
720
760
800
840
880

1,5 2 2,5 3 3,5 4 4,5 5 5,5 6 6,5 7 7,5 8 8,5 9 9,5 10

P
o

si
ti

o
n

 [
m

m
]

Voltage [V]

Calibration characteristic of ultrasonic sensor



Novus Scientia 2023  
 

98 

 

 

Figure 6. Dependence of the average output voltage of photoelectric sensor on the position. 

 

Figure 7. Dependence of the position on the average output voltage of photoelectric sensor. 
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is ± 0.5 % of full-scale value, therefore uB was: 
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0.5 % ∗ 750

√3
= ± 2.2 mm (1) 

Output voltage from ultrasonic sensor was displayed on multimeter Mastech MY74. 
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According to manufacturer of Panasonic HG – C1400-P [8] repeatability is 300 µm of 

measuring distance 200 to 400 mm and 800 µm of measuring distance 400 to 600 mm, 

therefore uB was: 

𝑢𝐵 𝑃1  =  
0.3

√3
= 0.17 mm                    𝑢𝐵 𝑃2  =  

0.8

√3
= 0.46 mm (3) 

According to manufacturer of the multimeter UNI-T UT 71E [9], MPE of DC voltage 

for range from 200 mV to 1000 V is: 

𝑀𝑃𝐸71𝐸  =  0.025% ∗ 𝑈 + 0.001 ∗ 5 (4) 

There were calculated type B evaluations of standard uncertainties of multimeters 

and type A evaluations of standard uncertainties of measurements and therefore, com-

bined standard uncertainty could be calculated too. These uncertainties can be seen in Fig-

ure 8 and Figure 9. 

 

Figure 8. Standard uncertainty uA, uB, uC of ultrasonic sensor. 

 

Figure 9. Standard uncertainty uA, uB, uC of photoelectric sensor. 
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at 200 mm and was decreasing in linear manner until – 0.0021 V at 600 mm Therefore, 

the working range would be from 200 to 600 mm. 

Calibration characteristic could be described as dependence of the position on the av-

erage output voltage and in the graphs, there were analyzed regression curves from which 

there were calculated regression equations and model. In the Figure 5 (ultrasonic sensor) 

regression equation was linear pstnU = 102.69vltgU - 139.6 and regression model was close 

to R² = 1: RU² = 0.9989. In the Figure 7 (photoelectric sensor) regression equation was linear        

pstnP = -80.2575vltgP + 598.01 and regression model was very close to one RP² = 0.99999. 

In the Figure 8 for ultrasonic sensor can be seen dependence of the type A, type B 

and combined standard uncertainty results on the position. The type A standard uncer-

tainty was as low as 0 V and maximum was 0.0017 V. Therefore, it can be hardly seen 

in the graph. The type B standard uncertainty depended on the chosen multimeter 

and until 80 mm values ranged between 0.0171 V to 0.0175 V. From 90 mm it increased 

in linear manner up to 0.0394 V. Type B standard uncertainty and combined standard un-

certainty values were very similar, because type A standard uncertainty was very low. 

In the Figure 9 for photoelectric sensor can be seen dependence of the type A, type B 

and combined standard uncertainty results on the position. The type A standard uncer-

tainty values ranged from 0.0001 to 0.0012 V. Because for photoelectric sensor was used 

multimeter with higher accuracy the results for the type B standard uncertainty were from 

0.0029 V to 0.0036 V. The values decreased with increasing distance in linear manner. 

Combined standard uncertainty was also very similar to the type B uncertainty 

for the same reasons as for the previous sensor. 

5. Conclusion 

According to the obtained data both sensors had great results and low standard un-

certainties in their measured range. A great option for use on an inclination tribometer, 

where it is necessary to sense the position of the body set in motion, would be ultrasonic 

sensor due to the lower value of the distance that can be registered by the sensor. There-

fore, the tribometer would not have to be long. 
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Abstract: 

The aim of this review is to make an overview of existing bioreactors in tissue engineering and their 

parameters for cell and tissue cultivation. Types of tissue engineering bioreactors can be divided 

into many groups depending on which parameter we consider. We decided to make a list of biore-

actors depending on how they stimulate cells during cultivation process. Based on that list we 

named parameters which are dependent on those bioreactors. The outcome from this review is a 

table of designs of bioreactors and important parameters for mimicking physiological phenomena. 

Keywords: bioreactor, tissue engineering, regenerative medicine, cultivation 

 

1. Introduction 

Tissue engineering uses a combination of the structural, biological, and physico-

chemical characteristics of cells, engineering, and materials science to create solutions for 

the replacement, repair, and regeneration of tissues and organs [1]. 

There are several other applications for bioreactors, both on a micro- and larger scale; 

small- and micro-bioreactors are frequently used in manufacturing to design new produc-

tion processes prior to full-scale fabrication, as well as lab-on-a-chip applications. This 

review, however, is not about these. Rather, this review will focus on the design of biore-

actors that will address functional mimics of an in vivo environment [1]. 

Bioreactors are devices used for tissue culture and simulation of the in vivo environ-

ment. Most bioreactors are designed with a specific tissue type in mind so that the precise 

physiological environment for the tissue type can be produced [2]. 

2. Materials and Methods 

 During the design process, the specific use of the bioreactor must be kept in mind to 

ensure that all design conditions are met. If various parameters such as pH, nutrient con-

centration or oxygen levels are to be monitored, these sensors should be built into the 

design. If a pump or motor is to be used, it must be small enough to fit in the incubator 

and also usable in a humid environment. The forces required for cell stimulation are very 

small, so it is important to ensure that the pump/motor has the sensitivity to accurately 

exert small forces. In any structure involving fluids, fluid sealing problems may occur, 

and the need for seals should be minimized as far as possible. If a bioreactor prototype is 

being designed, it is worth thinking about innovative improvements from the very begin-

ning. This may mean designing a device that can be scaled up relatively easily without 

changing its properties—a bioreactor that can use more than one cell carrier at a time [3]. 

The choice of materials is very important, as it must be ensured that the materials do 

not have negative effects and reactions with the cells during cultivation in the bioreactor. 

Any material that will be in direct contact with cells must be biocompatible and bioinert.  

Several criteria determine the design of the bioreactor. The criteria may vary for dif-

ferent tissue types being developed, but in general the bioreactor must be designed to 

meet the following requirements (see Figure 1) [3]: 
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• Permanent control of the physical and chemical environment; 

• Constant monitoring of cell and tissue quality; 

• Ensuring that the process takes place under sterile conditions; 

• Determining the exact number of distributed cells per cell carrier; 

• Ensuring that cells have sufficient exchange of nutrients and waste with the environ-

ment; 

• Exposure of the developing tissue to the necessary mechanical forces according to 

the type of tissue; 

• Maintain a high level of cell proliferation; 

• Ensure bioreactor materials are cell/tissue compatible. 

 
Figure 1. Schematic diagram of engineering parameters for bioreactor design [3] 

Bioreactor systems offer the opportunity to study cellular function, cell-to-cell inter-

actions, and tissue development within controlled 3D models that are designed to provide 

cells with the conditions of their natural environment. In this regard, various culture sys-

tems have been developed to support tissue engineering constructs. These cultivation sys-

tems can basically be divided into two main categories [3, 5]: 

1. Static cultivation systems (traditional method);  

2. Dynamic cultivation systems. 

 
Figure 2. Comparison of effects observed in static and dynamic cultivation [6] 

This traditional method of tissue cultivation does not meet all the conditions for the 

regeneration of a functional organ. When 3D tissues are cultured in a static culture system, 

the cells on the outer surface of the scaffold are viable, while the cells inside are less active 

or necrotic. By regularly supplying oxygen and maintaining its level in a static 3D culture, 

it was shown that an oxygen gradient was formed from the surface of the carrier towards 



Novus Scientia 2023  
 

103 

 

the center. As a result, thin tissues (e.g. skin) and tissues that are naturally vascular (e.g. 

cartilage) grow more easily in static culture systems than thicker vascular tissues [3]. 

In contrast to static culture conditions, the use of bioreactors has the potential to 

achieve a more dynamic, organ- or tissue-specific culture by providing better conditions 

and improving nutrient supply. Development of artificial tissues in bioreactors generally 

involves less handling than static culture methods to significantly reduce the risk of con-

tamination [3, 5]. You can see the difference between static and dynamic cultivation on 

Figure 2. 

2.1. Dynamic bioreactor systems in tissue engineering 

There are different types of dynamic bioreactor systems (see Figure 3): 

a. Bioreactors with a rotating bank; 

b. Bioreactors with rotating walls; 

c. Bioreactors with hollow fibers; 

d. Direct perfusion bioreactors; 

e. Bioreactors that apply controlled mechanical forces. 

 

 

Figure 3. Types of dynamic bioreactor systems in tissue engineering [7] 

Rotating bank bioreactors are used to seed cells into 3D scaffolds and to subse-

quently cultivate the constructs [7].  

Rotating wall bioreactors provide constructs with a dynamic culture environment 

with low shear stress and high mass transfer rates. The walls rotate at a rate that allows 

the drag force (Fd), the centrifugal force (Fc) and the net gravitational force (Fg) on the 

structure to be balanced [7]. 

Hollow fiber bioreactors can be used to enhance mass transfer during the cultivation 

of highly metabolic and sensitive cell types. In one configuration, the cells are embedded 

in a gel inside the lumen of the permeable hollow fibers and the medium is perfused 

through the outer surface of the fibers [7]. 

Direct perfusion bioreactors are systems in which the medium flows directly 

through the pores of the scaffold [7].  

Bioreactors that apply controlled mechanical forces, such as dynamic compression, 

to cultured tissue can be used as model systems for tissue development under physiolog-

ical stress conditions [7]. 

2.2. Bioreactor parameters 

There are parameters that must be controlled and adjusted appropriately to maintain 

controlled, reproducible experiments. The parameters are: 

• pH; 

• Oxygen diffusion; 

• Transport of nutrients an; 

• Waste removal. 

These parameters are crucial to maintain in a properly constructed bioreactor. In par-

ticular, mass transport and diffusion limitation problems related to oxygen transport have 
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severely limited efforts to create tissues that normally have high vascularity and/or cellu-

larity [9]. For more parameters go to Table 1. Bioreactor properties [9]. 

Table 1. Bioreactor properties [9] 

Biochemical properties Biomechanical properties 

Nutrients  

pO2 and pCO2 

Vaste 

pH 

Temperature 

Humidity 

Flow intensity 

Cultivation chamber volume 

Pressure 

Tension and other mechanical stimulations  

      

 The growth and differentiation of many cell types and consequently the structure 

and architecture of tissue is regulated by four main sources of extrinsic signaling. These 

include:  

1. Soluble growth and differentiation factors;  

2. The nature and organization of the insoluble and soluble components of the extracel-

lular matrix (ECM) ; 

3. Intercellular interactions; 

4. Environmental stress induced by fluid flow and/or mechanical stimuli such as dy-

namic, static or shear forces, as well as other physical stimuli such as oxygen tension 

and pH effects. 

 
Figure 4. Stimuli controlling cell behavior [8]  

In a complex environment (Figure 4), the cell is exposed to electrical (I), electromag-

netic (II) and biochemical (III) stimuli. In addition, cell-cell interactions (IV), mechanical 

forces (V) or cell-matrix interactions (VI) can influence cell development. 

For outcome of this review follow to Table 2. Designs of bioreactors and important 

parameters for mimicking physiological phenomena [10- 30] 

 

Table 2. Designs of bioreactors and important parameters for mimicking physiological phenomena [10- 30] 

Physiological phenomena Physical / biological stimuli Design Parameters 

Blood supply through the 

capillary network 

Sufficient supply of O2, growth 

factors and nutrients 

Rotating walls 

Perfusion 

Flow rate and velocity 

Weight-bearing joints 

during locomotion 

Mechanical compression leading to 

tissue pressurization 

Bioreactors with 

pressue and tension  

application 

Static/dynamic compression 

Stroke length and frequency 
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Stretching of muscles and 

tendons 

A tensile force that pulls tissue and 

cells 

Uni-/bi-pull 

movement Radial 

thrust movement 

Traction force 

Tensile tension 

Frequency 

Fluid flow through cells Hydrostatic/dynamic shear force Perfusion in a thin 

wall 3D perfusion 

Shear stress 

Fluid flow rate 

Simulation based flow 

Joint movement Shear force Sliding surfaces Rýchlosť pohybu a trenie 

Development, wound 

healing, nerve impulse 

Electric current and potential 

difference 

Electric stimulator 

Electromagnetic 

current 

Voltage and current 

Frequency (pulsating alternating 

current and direct current) 

Muscle contraction The electrical signal that depolarizes 

the cells 

Electric stimulator Voltage and current 

Frequency 

Cell adhesion to the tissue 

matrix 

Cell-substrate attachment through 

antigens and protein bonds 

Substrate for micro 

sampling 

Substrate composition, spatial 

distribution and stiffness 

Communication cell - cell Local cellular contact Microcontact 

printing Contact 

surface 

Cell type 

Cell density 

Cell surface area 

In vivo response of 

multiple cell types, factors 

and properties 

Tissue response in vivo cell type 

and stimulatory factors 

Implantation in 

vivo 

Complex tissue development, 

formation and function 

3. Results 

The review paper is devoted to the analysis of the current state of bioreactor systems 

and their parameters. In this work, it was possible to summarize all the necessary infor-

mation for the design and function of simple bioreactor system. We were successful in 

naming all requirements for bioreactor design: 

• Material properties; 

• Biomechanical parameters; 

• Biochemical parameters. 

4. Discussion 

Knowing the characteristics of cells and tissues as well as how they behave in their 

natural environments is a fundamental requirement for advancement in tissue engineer-

ing and regenerative medicine so that theory may be put into reality. This review sought 

to provide a summary of existing tissue engineering bioreactors before designing a biore-

actor system.  

Over the last decade, there have been significant improvements in the design and 

construction of bioreactor systems. Systems have been developed that allow robust and 

reproducible culture conditions to be maintained. Specific bioreactor design is critical to 

the production of useful systems that can predict performance when based on the natural 

niche of cells from in vivo physiology. 
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Abstract: The aim of this article is to point out the possibility of creating a virtual model of the 

laboratory using Pixyz and SolidWorks. The level of enterprise development advances with science 

and technology. Virtual reality is among the latest technical elements that find their application in 

the teaching process as well as in the field of industry. Virtual reality offers an environment in which 

various equipment and user integrations with the virtual world can be created. Precisely because of 

its feature of integration, virtual reality is very useful in the process of presentation or teaching.  

The PiXYZ program is a means of combining models from the SolidWorks program into a virtual 

environment where objects can be manipulated. 

Keywords: PiXYZ, virtual reality, education, VR labs 

 

1. Introduction 

The laboratory is most often used for the presentation of logistics processes and as-

sembly process training. Students and teachers within the faculty use this laboratory for 

the teaching program. The construction of this laboratory required careful planning and 

financial resources. To support laboratory training, a virtual model is created in which the 

assembly process takes place using virtual reality. The entire process must be established 

even before students perform actual exercises in a real lab. Especially connecting the vir-

tual model to the Oculus Rift S. 

Smartphones and computers are now one of the main parts of everyday life. This is 

the first alternative for using the virtual model. 

The second option is the use of virtual technology on gaming devices that support 

the use of virtual reality. Virtual reality can display objects exactly as they do in real life. 

The use of virtual reality in the laboratory can increase the safety and simplicity of labor-

atory activities, in this case, the process of assembly and logistics processes. 

One of the competencies needed in this era of digitization is the subject of digital 

engineering. Digital engineering is a good competitive skill that can face the industrial era 

4.0. Digital data and communication are the most used currently. Knowledge of digital 

engineering is the basis of programming and development from machines in this era [1]. 

2. Virtual reality 

Virtual reality is a computer-simulated environment that provides the user with in-

tegration and changes perception because of sensory information sent to the human brain. 

Virtual reality, in its current form, is the result of years of technology development and 

the implementation of microprocessors capable of performing a huge number of calcula-

tions [1-2]. 
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Like any technological innovation, virtual reality is also going through the process of 

implementation in various industries at a rapid pace. Figure 1 graphically shows the per-

centage use of virtual reality in different areas. 

                                
                           Figure 1. Percentage use of virtual reality in different areas [source: Perkins Coie[4]] 

 

The virtual laboratory shows a room and a set of objects, such as computer equip-

ment and office objects, such as tables, chairs, cabinets, and stands, which serve to simu-

late logistics processes from a real manufacturing plant. 

2.1. Virtual laboratory design 

Virtual labs are created using virtual reality, which is projected for students using the 

Oculus Rift S. The virtual environment is created to resemble a real conventional training 

place. Movement control is provided by PiXYZ software. where embedded components 

are added as individual parts, and for each, it is necessary to set free movement axes in 

the PiXYZ software environment. There are several processes that users can perform in 

the virtual environment. Figure 2 shows the flowchart of the virtual laboratory [3]. 

                      
    Figure 2. Flowchart of the virtual process [source: ResearchGate] 
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The following figure shows the appearance of a virtual laboratory that was created 

in the Solidworks program. If this process of creating virtual models and rooms begins, 

the student will also be able to work with this program, because the program for 2D and 

3D modeling is taught. The first step to creation is to create your own 3D models or down-

load them from internet sources. If the equipment of the laboratory is secured, we proceed 

to the second step, which is the creation of the walls of the room. We will then combine 

everything into one unit within the Solidworks program in the Assembly section. 

 

          
Figure 3. Creating a virtual form of the laboratory in the SolidWorks program 

 

Only a 2D/3D model of the laboratory can be created within the program. Now what 

is needed is PiXYZ review software that can provide a virtual environment. It provides 

flexibility and control over a virtual object for which degrees of freedom are defined in 

the PiXYZ program. 

Another software element used in the process of creating and using a virtual model 

is the Oculus and Steam VR applications. As part of the PiXYZ program, it is then possible 

to start a virtual environment and manipulate entities with the help of controllers. 

Figure 4 shows the environment of the PiXYZ program, which was used to integrate 

several programs and components in the creation of a virtual laboratory. 
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              Figure 4. The environment of the PiXYZ program  

5. Conclusions 

This article is a description and at the same time instruction on how to create a virtual 

laboratory. The article describes the individual steps and the software that needs to be 

connected. 

The article also develops a virtual laboratory as part of digital engineering. Many 

advantages result from this virtual laboratory, such as broadening horizons for students 

when they collaborate on production or directly train environment control and manipu-

lation in a virtual environment. Another advantage is the readiness of the viral environ-

ment in case of a pandemic or the impossibility of working in a real environment. In a 

virtual environment, a real logistics process is tested, which is a big plus, when the com-

pany does not need to test innovations on a real process, but primarily in a virtual envi-

ronment, where it is much easier to make changes if necessary than in a real environment. 

However, during the creation of the virtual laboratory, the collective of authors also 

revealed shortcomings in the chosen procedure or cooperation between software. For ex-

ample, the SolidWorks program, with complex components that are represented in large 

quantities, creates a great burden for computer software equipment. It also has conse-

quences (overheating, program crashes, and long loading times). When uploading the vir-

tual laboratory to its environment, the PiXYZ program repeatedly forced itself to shut 

down for no reason, then a restart was necessary. 

This article is the first step towards the creation of a functional environment where 

the time security of processes will be investigated, for example, the assembly of a compo-

nent in a real environment and the time required for assembly in a created virtual envi-

ronment. 
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Abstract: The article deals with formability testing of dual phase steel DP 800 that is used for pro-

duction of part used in the rear deformation zone of the car-body. The thickness of steel was 1.5 mm 

and Limit Dome Height test was performed on an Erichsen 145-60 testing machine. Specimens of 

different width were stretched up to the fracture and the punch path and force were measured. 

Specimens were etched to create deformation grid of dots in order to measure strain distribution by 

photogrammetric system Argus. Then, the simulation model of LDH test was created and the aver-

age punch path was set to calculate the strain distribution as well, when constitutive equations Hill 

48 and Hollomon model described the material. Results of strain distribution measured experimen-

tally were compared to those one numerically simulated. 

Keywords: LDH test, stretching force, punch path, experiment, simulation 

 

1. Introduction 

Demands of making cars lighter weight to achieve lower emissions during their op-

eration, but still keeping passengers safety, steel grades like AHSS steels are implemented 

in the body structure. These steels offer using lower steel sheets thickness for stamped 

part due to their higher strength. Dual phase steels are commonly used in certain car-

body parts because of their good combination of strength and ductility and low produc-

tion costs [1].  

Formability, defined as the ability of sheet metal to be stamped without any fracture, 

depends on several interacting factors [2]. The total formability can be classified as a ma-

terial one and process one [3]. Material formability can be easily tested by the tests which 

lies on simple tensile or compression test. Otherwise, process formability includes several 

process-depending factors when combined with material properties. Due to different 

stress-strain distribution in each stamped part region, there is no single testing procedure 

for satisfying to test formability in a simple way. Thus, different simulative tests are used, 

such as Erichsen, Engelhardt, Cup test, Limit Dome height etc. [2-4] 

Limit dome height test (LDH), introduced by Ghosh and modified by Hecker, was 

developed to simulate the fracture conditions under plane-strain deformation, which was 

identified by the Hecker as more than 80 % of the stamping failures [5,6]. Furthermore, 

the test was modified to use metal sheet strips with different width, material thickness 

and laser welded dissimilar materials. Sahu [7] applied LDH test to study deformation 

properties of very thin brass sheet. They modelled biaxial, plane-strain and uniaxial strain 

paths by scaling down the tool and specimen dimensions and evaluated limit strains as 

well. Xie and Nakamachi [8] predicted the formability of high-strength steels and by using 

elastic/crystalline viscoplastic FE analyses of standard LDH tests. From LDH formability 

test they confirmed that the combination of high-strength steel with a little proportion of 

gama texture components could lead to significant improvement of formability. Kuramae 

et al [9] performed modified LDH test on four automotive sheetmetals (3x aluminium and 
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steel H220PD). They performed formability analysis from the view of microcrystalline 

texture evolution during plastic deformation by the multi-scale LDH test analysis, which 

was done by using multiscale parallel finite element procedure. As a result, they com-

pared the results of FE prediction of fracture to the LDH test performed with flat head 

punch for various strain path conditions. Katragadda et all [10] conducted LDH test for 

different steel grades used in automotive industry. Results of experiments compared to 

the simulations when applied Hill 48 and Hollomon's equation as constitutive equations 

to describe material behavior. Bandyopadhyay et al [11] conducted formability tests for 

laser welded tailor welded blanks of dissimilar materials (DP980/DP600 and 

DP980/IFHS). They found out the decrease of formability for LDH and Erichsen cupping 

test were approximately following similar trend, and hence, the punch size played a mi-

nor influence.  

The aim of the article is to compare results of LDH tests reached experimentally when 

testing dual phase steel DP800 to those one reached by numerical simulation of the test. 

Otherwise, major and minor strains will be measured by photogrammetric system Argus 

and compared to the strains calculated in simulation software PamStamp. 

 

2. Materials and Methods 

2.1 Material – DP800 

Formability of dual phase high strength steel DP800 with thickness 1.5 mm was as-

sessed by the limit dome height test (LDH). Mechanical properties of experimental mate-

rial were tested according to standard: ISO 6892-1, plastic strain ratio according to ISO 

10113 and strain hardening exponent according to ISO 10275. Samples for mechanical tests 

were taken in rolling direction 0°, 45° and 90° to describe material anisotropy. Three spec-

imens were measured in each direction and average values are shown in Table 1. Tests 

were done on TIRA test 2300 testing machine equipped with longitudinal and transversal 

extensometers with precision 0.001 mm. Plastic strain ratio was evaluated at uniform elon-

gation level and strain hardening exponent within the range 5% to uniform elongation. 

Table 1. Mechanical properties of dual-phase steel DP 800, thickness 1.5 mm 

 Rp₀‚₂ 

[MPa] 

Rm 

[MPa] 

A₈₀  

[%] 

r     

[-] 

rm      [-

] 

n    [-

] 

nm     

[-] 
0° 527 828 19.9 0.873  0.126  

45° 508 830 18.2 0.907 0.917 0.125 0.125 

90° 496 838 18.4 0.979  0.123  

2.2 Limit Dome Height (LDH) Test 

The limiting dome height test, also known as LDH test is a method used to determine 

sheet metal forming properties. The limiting dome height test is used to determine the 

ductility of sheet metals and is comparable to a Nakajima test. A hemispherical die strains 

the clamped specimen until break. Testing is performed on specimens with various width. 

For each specimen the maximum attainable dome height and strain at break are deter-

mined. Experiments were conducted on Erichsen 145-60 testing machine with Nakajima 

tooling setup. The Erichsen 145-60 is a universal deep-drawn sheet metal testing machine 

from the German manufacturer Erichsen. The maximum force of this equipment is 600 

kN. This test equipment is electro-hydraulically controlled. Test sequences can be con-

trolled automatically or manually as required. The machine control unit takes care of the 

error-free operation and control of the test equipment. The pulling force is displayed dig-

itally along with the holding force.  
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For our experiment we used blanks with widths of 196, 133, 108, 70, 39 and 26 milli-

meters. There are illustrated in Fig.1.  

 

Figure 1. Types of blanks. 

The deformation mesh was applied to the samples by electrochemical etching on an 

ÖSTLING EU Classic 300. The principle is to cover the sample with a matrix through 

which the electrolyte is fed via a graphite electrode. The electrode moves evenly over the 

entire surface of the sample. Both the sample and the electrode are connected to a DC 

voltage. Rectangular deformation grid consisted of dots with diameter of 1mm and spac-

ing 2mm in rows and columns. The Argus 3D optical system from the German company 

GOM was used to measure the applied deformation mesh. It is a well-established and 

frequently used device for the evaluation of various types of forming processes due to its 

complexity. 

2.3 Simulation model of LDH test 

 

Figure 2. Simulation model. 

 The simulation model is shown in Fig.2. It consists of three parts – die (green), punch 

(yellow), pink (blank holder), and blank (grey). These parts were meshed during import-

ing CAD model of the tool and set as rigid surface tools. The picture shows one type of 

blanks with a width of 70mm. Blanks were meshed by square elements 2x2mm. Yield law 

and hardening curve describing material behavior were defined as follows:   

Hill 48 anisotropic plasticity model: 

𝜎1
2 =  

𝑟0(1 +  𝑟90)

𝑟90(1 + 𝑟0)
𝜎2

2 −
2𝑟0

1 + 𝑟0

𝜎1𝜎2 = (𝜎1
𝑦

)
2
 (1) 

Hollomon hardening model (Eq. 2). 

𝜎 = 𝐾 ∙  𝜑𝑛, (2) 
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where K is material constant, n is strain hardening exponent and r0, r45, r90 are plastic 

strain ratios (Lankford’s coeficients) in specified direction. 

3. Results and discussion 

 The results of the measurement of the maximum tensile forces and the punch path 

up to the specimen fracture for the individual widths of the samples are given in Table 2. 

For the individual widths, 3 measurements were carried out and the average value of the 

maximum force and the average value of the path at fracture were calculated. In the sim-

ulation model, this average value of the path was used to define the path of the punch. 

Table 2 shows the results of the maximum force from the numerical simulation and Fig. 2 

illustrates the progression and comparison of the forces obtained experimentally and from 

the numerical simulation. 

Table 2. Measured values of the maximum force and the punch path at fracture 

 Experiment Simulation 

 
Max. Force 

[kN] 

Average 

value 

Stroke 

[mm] 

Max. Force 

[kN] 

Stroke 

[mm] 

196 211.31  34.44   

 205.68 211.4 33.16 234.7 36.6 

 217.22  36.62   

133 133.88  25.4   

 127.39 131.3 24.54 152.85 24.91 

 132.75  25.16   

108 97.53  23.4   

 92.67 97.9 22.52 112.92 23.5 

 103.76  24.58   

070 110.11 112.3 30.86 123.6 31.57 

 114.52  32.28   

039 60.45  29.42   

 61.29 60.2 30.16 62.74 29.52 

 58.86  28.98   

026 37.91  26.16   

 37.37 37.5 24.46 35.77 25.45 

 37.36  25.74   

 

Figure 2. Comparison of force-punch path for a 108 mm blank width. 
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a) 

 
b) 

 
Figure 3. LDH test results: a) dependence of the maximum force on the blank width; b) dependence of the dome height at fracture 

on the blank width 

 

Fig. 2a shows a graphical representation of the measured data from the previous ta-

ble. From this image it can be stated that the force measured in the simulation is slightly 

higher than the force measured in the real experiment. You can also see in the image that 

the forces measured on the larger blank widths differ more than those of the smaller blank 

widths. The larger the diameter of the blank, the greater the difference in force between 

the simulation and the experiment. This graph also shows a small jump in force values for 

blanks with a width of 108 mm. As the blank width is reduced from 196mm to 108mm, 

the maximum stretching force decreases. It is possible to observe a discontinuity of de-

crease in the range of specimen width 108mm to 70mm, then the pulling force decreases 

as well. 

Fig. 2b shows a comparison of the achieved punch path for each specimen width. The 

minimum value of punch path - LDH parameter - was recorded for a specimen width of 

108mm (LDH = 23.5 ± 1.5 mm) which is considered as plain-strain state. The results com-

ply to the results of Takahashi, which performed LDH test on AHSS steel [12,13]. 

The results of the strain distribution measured by the Argus system and determined 

by numerical simulation are given in Tab. 3. Major strains of the fracture zone when meas-

ured by Argus were significantly larger than those of the safety zone [14]. Even though 

the results of numerical simulations depend on yield law-hardening law combination, it 

is possible to state a good agreement between the results of experimental measurements 

and numerical simulation.  

Table 3. Comparison of major and minor strain measured experimentally and calculated by nu-

merical simulation 

 Simulation Experiment 

 Minor strain Major strain Minor strain Major strain 

039 
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108 

    

196 

    

 

5. Conclusions 

The article presents the result of LDH test conducted on dual phase steel DP800. This 

steel is being used to made stamped part for rear deformation zone of cars. The minimal 

punch path, i.e. LDH parameter was reached for plane-strain condition modelled by spec-

imen width 108mm. It was confirmed by measuring the strain distribution using ARGUS 

photogrammetric system. The results of strain distribution for selected samples were also 

correlated to the numerical simulation of LDH test. Further research will be focused to the 

evaluation of limit strains and its correlation to the numerical simulation. 
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Abstract: The paper provides insight into the process of using numerical airflow simulation in the 

development of vehicle aerodynamics. For the increasingly common use in the automotive indus-

try, it highlights the process of solving such a problem, using the design of a new aerodynamic 

vehicle body element to do so. The aim is to investigate the effect on the well-known phenomenon 

of the A-pillar vortex in the flow around a selected vehicle body. It highlights the importance of 

adapting the geometry of the car for the desired airflow and achieving good aerodynamic results. 
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1. Introduction 

The automotive industry is one of the most progressive areas of engineering. It is 

involved in the continuous application development of technologies and materials, but at 

the same time supports the development of related scientific fields. As the car consumes 

energy not only for propulsion but also for overcoming driving resistance, the dominant 

one being aerodynamic resistance, the development of aerodynamics plays an important 

role in efficiency. Further aerodynamic advances are continuously being explored to 

improve driving comfort, reduce energy consumption and improve the driving and 

safety characteristics of cars. The research and application of new aerodynamic features 

in mass-produced passenger cars is coming to the fore. As well as the development teams 

of automotive companies, scientific teams are also working on research into new geo-

metrical features that optimise airflow around vehicle bodies. One area that is the subject 

of much study is the phenomenon of the so-called A-pillar vortex of the automobile. The 

effect of this phenomenon on the overall airflow around an experimental car body via the 

CFD (Computational Fluid Dynamic) method was published in [1] by Murad et al. The 

study of the formation and understanding of the A-pillar vortex phenomenon of a car via 

the CFD method was addressed by Bonitz et al. in [2]. The generation of experimental 

data for validation of numerical methods in the design and study of A-pillar car vortex 

was published in [3] by Wood, et al.  

2. Research of car aerodynamics by CFD method 

CFD (Computational Fluid Dynamics), belongs to the field of CAE (Computer 

Aided Engineering). It is the computational analysis of fluid or air flow as well as heat 

transfer in various industrial fields. It has been part of the development of automotive 

aerodynamics for several decades. At the vehicle development stage, it provides a 

high-resolution representation of the complete flow field around the vehicle, from which 

changes can be made for better aerodynamic results.  

 



Novus Scientia 2023  
 

119 

 

 

Figure 1 Example of a display of streamlines around the body of a vehicle with a colour scale dis-

tinguishing their speed in different areas [8] 

The main reason for using CFD is that it allows for faster development cycles and 

cost savings compared to traditional wind tunnel testing, which has been used in the past 

as the main tool for aerodynamic testing. The ability to predict aerodynamic properties in 

a fast, iterative and highly accurate manner allows engineers to optimise the aerody-

namic elements of a car right from their workstation, before any parts are manufactured 

and deployed in mass production. By simultaneously using a combination of CFD 

methods and verification of results on a physical prototype in a wind tunnel, accurate 

and directional results can be achieved for automotive development [4-6]. 

The CFD method finds high application in the research of new, previously unused 

aerodynamic elements of automobile bodies. By creating a virtual geometry of the car, it 

is possible to apply any geometric change and observe the behavior and changes in the 

airflow around the modified part. By applying the knowledge of airflow, the geometry of 

the element can be modified and optimized in incremental steps to its most optimal 

shape. The physical prototype, tested in a wind tunnel to confirm the results obtained 

virtually, is then geometrically the closest to the final solution intended for approval for 

series production, thanks to the optimisation by CFD. 

2.1 Principle of the CFD method 

The computational methods contained in the CFD solvers are based on the laws of 

conservation of mass, conservation of momentum and conservation of energy. The Na-

vier-Stokes equations describing the flow of an incompressible Newtonian fluid are 

based on these laws. The description of the flow is a system of nonlinear partial differen-

tial equations of 2nd order. CFD methods only solve these equations to an approximation 

- the equations are simplified in various ways in terms of physical phenomena. Exact 

solutions of the Navier-Stokes equations (NSE) exist only for special cases, and only a few 

are relevant for automotive engineering. Thus, only simplified versions of the NSE for 

which a numerical solution is possible and feasible are used in automotive aerodynamics 

development. [4]  

Examples of simplifications include: neglected viscous effects, non-rotating flow or 

time averaging of flow quantities in the flow field. All of these NSE simplifications ide-

alize the physics and move away from the actual natural conditions.  

The second category of simplification is mathematical in origin, introduced by the way 

selected equations are solved. In principle, the differential equations describing the con-

tinuum are discretized together with specific boundary conditions (i.e., they are applied 

to small but finite volumes in the computational domain). These simplifications are made 

in the interest of speeding up the computation but to the extent that the relevance of the 

result is maintained. The accuracy of the CFD method can be adjusted individually de-

pending on the desired result. CFD simulation options provide the specification of ac-

curate boundary conditions for a particular wind tunnel, including models of the support 

systems for accurate ride simulation [5]. 
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2.2 Steps of the CFD method 

The main steps of CAE computational methods are pre-processing, processing and 

post-processing. In the context of passenger vehicle aerodynamics research, the CFD 

method according to [5] can be more specifically described as follows. 

Pre-processing involves processing the imported data, discretizing the computa-

tional domain, and setting boundary conditions. The flow medium is partitioned by the 

finite element method into a finite number of elements in a three-dimensional space, each 

with its associated local and global coordinates. It is essential to adjust the size of the grid 

elements, especially if the research case is at a certain scale compared to the real size of 

the car. In automotive development, methods of densifying the mesh in areas of high 

significance - e.g. front A-pillar, brake disc area for more accurate analysis of flow in 

these areas - are well established. The refinement strategies are varied, one of which is 

shown in Figure 2.  

 

Figure 2 Pre-processing – varied discretization of the flow regions, distributed from the coarsest (1) 

to the finest (3) in the boundary layer closest to the vehicle body [4] 

Processing involves solving the numerical equations for each of the discretized el-

ements using the finite element method. Pressure fields, velocity vectors, transport 

equations and momentum equations are calculated by converting partial differential 

equations into systems of linear equations. Several iterations are performed and the goal 

is to reach a certain region of convergence of the result of each quantity, from which the 

final results are determined by the chosen method. 

Post-processing involves detailed analysis and visualization of the results of indi-

vidual variables. The analysis is performed by means of visualisation tools that graph-

ically plot the individual aerodynamic forces and moments as dimensionless coefficients 

distributed over the vehicle surface geometry under investigation. They are depicted by a 

colour scale and by plotting three-dimensional shapes to visualise the vortices. [4, 5] 

3. An example of using the CFD method in the design of a new aerodynamic element  

The demonstration of the use of the CFD method in this paper is the design of a 

node optimization in the A-pillar region of a passenger car. At this point, the airflow 

splitting and subsequent coupling occurs, resulting in the formation of the A pillar vor-

tex, in which the energy losses of the flow medium and the contribution of the increase of 

the air drag coefficient 𝑐𝐷, which is one of the main data characterizing the aerodynamic 

quality of the vehicle. It is a dimensionless coefficient which is calculated according to the 

relation: 

𝑐𝐷 =
2.𝐹𝐷

𝜌⋅𝑣2⋅𝐴
, (1) 

where: 

𝐹𝐷   is the force acting against the movement of the vehicle, 

𝜌   is the density of the following medium (air) 

𝑣  is speed of the vehicle, 

A  is the projection of the frontal surface area content of the vehicles. 
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As shown in Figure 3, the airflow on the A-pillar splits into two directions - along 

the side of the vehicle body, over the vehicle body (blue-green). Their separation and 

subsequent merging in the area above the first side glass causes turbulent flow (red). The 

A-pillar vortex discussed above is formed here. 

 

 

Figure 3 Airflow distribution (blue-green) over and along the side of the body, formation of 

A-pillar vortex (red) 

3.1. The solution proposal 

In this step, the design objective is to achieve the elimination of the A-pillar vortex, 

or the separation of the air streams over and along the side of the body. This achieves 

airflow close to the body with the potential to reduce flow energy losses. The proposed 

solution with the expected result is shown in Figure 4. 

 

Figure 4 Expected change in airflow (green-blue) due to the application of an aerodynamic element 

(purple) 

3.2. Car selection and element geometry creation 

For the purpose of the research of the experimental aerodynamic element, a car 

from the D-SUV category - Skoda Kodiaq (2021) was selected. The rationale for the selec-

tion is the increasing popularity of the SUV segment, which does not achieve the aero-

dynamic qualities of passenger cars precisely because of their size. The choice of the 

Škoda vehicle is justified by the cooperation with the development centre of ŠKODA 

AUTO, a.s. on this experiment.  

An aerodynamic element was proposed that would not structurally interfere with 

the original car, being glued to the body of the car. This is a spoiler that contains a space - 

a channel between the original A-pillar and the proposed geometry, where the airflow 

will be directed along the side of the body along the side windows.  

The geometry was created in the professional non-parametric 3D modelling CAD 

(Computer Aided Design) software ICEM Surf for the creation of A-class quality surface 
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data. These are surfaces defined by design and technology requirements with controlled 

light incidence. The proposed geometry is shown in Figure 5.  

  

Figure 5 Proposed spoiler glued to the A-pillar of the vehicle - left without spoiler, right with 

spoiler 

3.3. CFD analysis 

The proposed geometry was modified for the purpose of CFD simulation using 

ANSA software. The full geometry preparation is understood as the creation of a com-

plete surface model of the car including the internal functional openings, with the output 

being the geometry for meshing by the CFD tool. [4,9] 

The STAR CCM+ software tool was selected for the CFD analysis. It automatically 

defines the surface and volume mesh based on the input geometry. The aim is to set the 

ideal number of grid cells for a sufficiently accurate description of the investigated areas. 

If necessary, an automatic surface correction is also performed by the software, which 

corrects the generated surface mesh by either ignoring or modifying the edges of the in-

dividual elements. [9, 10] 

 

Figure 6 Volumetric network of the flowing medium in the cross-section of the X0 plane created by 

the software CFD tool STAR CCM+ 

The numerical method used was the Reynolds Averaged Navier-Stokes (RANS) 

method of modelling stationary turbulent flow, which is a reduced form of the general 

Navier-Stokes equations. The Star-CCM+ program [2] offers several turbulent models 

based on the Boussinesq hypothesis. The Spalart-Allmaras model in two variants is used 

as a representative of the single-equation models. In the field of two-equation models, 

variants of the k-Epsilon (𝑘 − 𝜀), k-Omega (𝑘 − 𝜔), Elliptic Blending and V2F (𝑘 − 𝜀) 

models figure. [11] 

The CFD simulation of the vehicle aerodynamics is performed with constant airflow 

and no crosswind. The driving simulation was set to a speed of 140 km/h, wheel rotation 

modulus and tire deformation with bulging at the bottom of the tire due to contact with 
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the road were used. The calculation process is completed by settling the convergence of 

the force effects in the specified range. Postprocessing involves the generation of a set of 

images with colour maps representing the pressure fields according to the calculated 

simulation equations under the specified boundary conditions. 

4. Discussion  

The effect of the spoiler on the flow and the formation of the A-pillar vortex can be 

observed in the post-processing images generated by the STAR CCM+ software. Selected 

analysis figures 7-9 have been used for the discussion, which show the effect on the 

change in the A-pillar flow. On the left are images of the studied body without the ex-

perimental spoiler, on the right using the spoiler 

 

Figure 7 Vortex visualisation using ISO surfaces plotted against the total pressure coefficient  

 

 

 

 
Figure 8 Vortex visualisation using ISO surfaces plotted by the Q criteria method with a colour map 

of the velocities of the individual parts of the vortices - isometric view 

 
Figure 9 Vortex visualisation using ISO surfaces plotted by the Q criteria method with a colour map 

of the velocities of the individual parts of the vortices - view from the left side of the vehicle 
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By comparison in Figure 7, the elimination of the main A-column vortex and its 

splitting can be observed, which can be considered as a benefit. The negative effect is the 

formation of smaller vortices in different regions that slow down the airflow. This can be 

better observed in the comparative figures 8 and 9 plotted using the Q-criterion [12], 

where the orange coloration of the end of the vortex over the rear window of the 

modified vehicle demonstrates the loss of flow velocity. The separation of the A-pillar 

vortex from the body is beneficial, but the goal is to eliminate it completely, which the 

preparation of this spoiler variant did not achieve. 

Table 1. Influence of the spoiler on the aerodynamic coefficient of drag. 

 Without spoiler With spoiler 

𝑐𝐷 0,3171 0,3218 

∆𝑐𝐷  - +0,00471 
1 Data obtained from internal CCX post-processing tools. 

As shown in Table 1, there was an increase of 4.7 aerodynamic points for the 

comparison based on the air drag coefficient 𝑐𝐷. This change can also be observed in the 

differential plot in Figure 10. 

 

Figure 10 Difference plot of air resistance coefficient 𝑐𝐷 - comparison of the basic version (black on 

the graph) with the modified version (green) 

5. Conclusions 

The proposed new aerodynamic element of the vehicle A-pillar spoiler verified by 

CFD method met the expectations in terms of A-pillar vortex mitigation. The concomitant 

effect of the expected aerodynamic improvement is the reduction of the air drag coeffi-

cient 𝑐𝐷. In this case, the flow at the rear of the vehicle is disturbed, the excitation area of 

the mirror and the drift behind the vehicle is increased, which increases the air drag co-

efficient 𝑐𝐷. It is therefore necessary to modify the geometry by further analysis to elim-

inate the A-pillar vortex, reduce the drift behind the vehicle and reduce the air drag co-

efficient 𝑐𝐷. 
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Abstract: Industry 5.0 is an effort to address the human impacts of the fourth Industrial Revolution. 

It starts from the belief that businesses want to do more than just maximize profit and provides 

pathways for integrating social and environmental concerns into technological innovation. This ar-

ticle is dedicated to the theoretical definition of the topic of the fifth industrial revolution. It de-

scribes the differences between the last two industrial revolutions and defines three basic elements 

that are crucial for Industry 5.0. In the end, the scientific output is devoted to the description of 

specific ways in which simulation can help in the transition to Industry 5.0 and at the very end a 

summary, the challenges and requirements that Industry 5.0 brings. 
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1. Introduction 

The manufacturing industry has been going through its fourth major transition since 

artisans gave way to workshops and factories. The first of these revolutions was mecha-

nization and the use of steam power, which later succeeded by the adoption of electricity. 

Then came computerization, and today that’s being followed by the arrival of cyber-phys-

ical systems and advanced analytics, otherwise known as Industry 4.0. 

Industry 5.0 however is not a typical succession to 4.0. Neither is it a marketing term 

conceived by an overworked advertising agency. Industry 5.0 refers to the human side of 

4.0 and seeks to address the issues raised by 4.0 adoption. Industry 5.0 is a framework for 

re-imagining the future of energy, manufacturing, mobility, and supply chains that build 

upon and complement the meaningful groundwork paved by the vision of Industry 4.0.  

Industry 5.0 uses collaborative robots and artificial intelligence to bring a human 

touch to the concept of digital transformation. Promoted by the European commission 

and other governmental bodies, Industry 5.0  emphasizes a triple-bottom-line of eco-

nomic, environmental, and societal impact, bringing ESG (Environment, Social and Gov-

ernance) perspective and balance to what have often been technology-led and economic-

driven choices [1]. 

2. Understanding Industry 5.0 

Industry 4.0 -- a phenomenon since the industrial revolution – deals with the integra-

tion of innovation and new technologies into the manufacturing production process. 

Though Industry 4.0 has delivered industrial automation and other significant positive 

impacts, it sometimes has replaced humans in the workflow process. Industry 5.0 seeks to 

correct that imbalance, using the concepts of cognitive computing, cyber-phyisical sys-

tems, and artificial intelligence to ensure humans have a role in the digital transformation 

that is continuing to evolve. 
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Industry 4.0 is a technological revolution that will have far-reaching human impacts. 

In manufacturing, increasing automation means that many many workers may get dis-

placed, not only on the factory floor but in administrative and even professional functions. 

Meanwhile, very little has been done to address some of the biggest challenges facing 

manufacturers, like where to find the next generation of workers, how to move towards a 

circular economy, and how to become more resilient in the face of unexpected change and 

supply chain disruption. Championed by the European Union, Industry 5.0 is an effort to 

address the human impacts of the fourth Industrial Revolution. It starts from the belief 

that businesses want to do more than just maximize profit and provides pathways for 

integrating social and environmental concerns into technological innovation [2]. 

Altruism plays a part in this, but there’s also a strong element of self-interest. Young 

people want to work for socially aware organizations and people want to buy from com-

panies that behave responsibly. So, by adopting Industry 5.0 principles, organizations 

wish to safeguard their futures. One of Industry 5.0 challenges is to make processes more 

human-centric. Part of the motivation is to mitigate the concerns and resistance to auto-

mation from labor unions and politicians concerned that Industry 4.0, in theory, could 

create crises of technological unemployment. From the start of the cycle of innovation 

during the industrial revolution, the goal of manufacturers has been to enable technolo-

gies that would make the production process more efficient. From a practical perspective, 

this benchmark has been achieved – highly automated processes can deliver highly con-

sistent and repeatable outputs. But this does not address the need to provide increasingly 

customized or personalized products (as customer expectations become increasingly so-

phisticated). Human-machine collaboration is the key to unlocking these benefits [3]. 

3. Elements of Industry 5.0 

Perhaps the most important distinction of Industry 5.0 is the reintroduction of the 

human element into the manufacturing process. In one sense, the human element brings 

the soul back to manufacturing by enabling collaborative production – the imagination 

and flexibility of the human worker become empowered and advanced with the ability to 

harness cyber-physical systems like collaborative robots (or cobots). The combination of 

smart machines, cognitive computing, cloud computing, and savvy humans will allow for 

true “mass personalization” and more nimble production. 

3.1. Human-Centricity 

Industry 5.0 seeks to restore a human-centric approach to business that some would 

say was lacking with an Industry 4.0 approach. The symbiosis of humans and machines 

is essential to creating more jobs, leveraging productivity and efficiency, and attracting 

and retaining talent. Particularly to technology-centred organizations, human capital is 

the most strategic asset and businesses will need to accommodate the growing cohort of 

Gen-Z and Millennials’ changing needs. For younger generations of workers, the commit-

ment to environmental and social factors becomes increasingly important in their choice 

of employer, and this may include a commitment to community initiatives, flex working 

arrangements, and the cultivation of historically underrepresented minorities in leader-

ship roles. The human-centric vision also critically involves re-thinking how workers and 

machines collaborate. Traditionally static manufacturing processes can be updated with 

digital twins, and new collaborative robotics (cobots) with line workers empowered to 

exercise greater flexibility in production. A healthy and happy workforce with opportu-

nities for creative personal and professional advancement is likely to create lasting value 

for the business [4].  

This proposes that workers be viewed as investments and not costs. Thus, rather than 

seeking to drive down labor costs, manufacturers should look at how to maximize the 

return from their employees. This leads to the view that processes should be adapted to 
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suit workers, and workers should be given the tools to help them do their jobs better. 

Some of the key components that support the human-centric approach are: 

• Exoskeletons 

• Augmented reality 

• Virtual reality 

• Wearables 

• Cobots 

• Analytics 

Furthermore, to maximize the benefits of these new technologies, which include 

higher productivity, less waste, and lower accidents, workers should be included in their 

design and deployment. As part of this, it’s believed that there is a clear need for up-

skilling and reskilling [5]. 

 

3.2 Sustainability 

Industry 5.0 seeks to create a manufacturing environment that is both sustainable 

and resilient, while also being human-centric. With the growing regulatory and investor 

emphasis on reducing carbon emissions and environmental impact, businesses need to 

evaluate their resource footprint that supports their manufacturing process. This may in-

volve analyzing the source of raw materials, the proportion of waste generated, along 

with an evaluation of the environmental impact, the energy efficiency of processes, as well 

as the sources of energy. 

Businesses want to reduce their environmental impact by using alternative energy 

sources to minimize their footprint. At the same time, it is important to lower the opera-

tional costs but also attract young talents. Businesses are realizing that it is the right thing 

to do and they are adding sustainability plans to their strategy. One reason is to lower 

operating costs by cutting resource consumption and waste. Another is because it’s what 

employees and younger recruits want to see. And a third reason is that it’s the right thing 

to do. Many firms have committed to specific reductions of fossil fuels and clean energy 

generation sources. Additionally, the adoption of new materials and composites (away 

from petroleum-based for instance) can reduce environmental impact while increasing 

smart manufacturing practices, such as recycling and repurposing materials, to achieve 

objectives for socio-ecological sustainability [6]. 

Industry 5.0 addresses how manufacturers and others can move towards a circular 

economy where recycling is integral to production and consumption. With an emphasis 

on this, plus re-use and repurposing, Industry 5.0 encourages adopting artificial intelli-

gence (AI) and additive manufacturing to avoid resource depletion and environmental 

degradation [7]. 

 

3.3 Resilience 

In the Industry 4.0 paradigm, businesses have been forced to cope with increased 

uncertainties and adapt to cope with change. That’s why Industry 5.0 bolsters resilience 

for companies looking to balance man and machine. It’s important for organizations to 

engage in planning exercises that account for potential disruptions across the value chain, 

from the factory floor to the supplier network, to transportation channels, to regulatory 

and geopolitical changes that can promote the achievement of societal goals. 

Digital technologies and methodologies (simulations and AI-enhanced modeling) 

can help identify optimal alternative paths in the event of a disruption, weighing different 

factors such as cost, substitution, quality, and logistical concerns into the mix. Start with 

identifying the greatest points of vulnerability (whether in process or supply chain), iso-

late the key inputs, and then formulate contingency planning for any disruptions [8].  

Some tools and capabilities that will play a part in this are: 

• Deployment of modular factories 

• New materials (and the ability to transition seamlessly between sources) 
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• Remotely operated factories 

• Real-time risk monitoring 

• Enhanced cybersecurity 

Any perception that Industry 5.0, (and also Industry 4.0,) is only for deep-pocketed 

global manufacturers is incorrect.  Small and medium enterprises (SMEs) are just as ca-

pable of adopting these new technologies and perspectives as their larger brethren, and 

perhaps more so [9]. For many of the trends and technologies discussed above, implemen-

tation is as dependent on open minds and a willingness to change as on financial re-

sources, and these are areas where SMEs often excel [3]. 

4. Industry 5.0 Transition Support 

Factories and manufacturing processes are becoming smarter, and competitors never 

stop looking for an “edge.” Against this background, it’s more important than ever to 

keep changing and improving, but also to do it faster and to avoid mistakes. 

Manufacturing simulation plays a key role in all three elements of Industry 5.0. By 

modeling existing or proposed manufacturing systems, it provides a so-called “virtual 

sandbox” that enables risk-free exploration of ideas and alternatives. It’s used to gain a 

deeper understanding of complex operations and relationships, to identify potential prob-

lems or conflicts, and to identify opportunities and solve current problems [10]. Specific 

ways in which simulation supports an Industry 5.0 transition include: 

• Creation of digital twins 

• Virtual commissioning 

• Modeling supply chain disruptions 

• Travel avoidance 

• Risk-free experimentation 

• Upskilling 

A digital twin is a complete and accurate representation of part or all of the produc-

tion process. Most importantly, by connecting it to sensors installed on the physical sys-

tem, it maintains fidelity to real-world conditions. With this, it’s possible to evaluate 

changes and the impact of disruptions and come up with alternative production sched-

ules. It also helps with debugging problems and can avoid the need for technicians to 

travel to work sites or factories. Virtual commissioning uses a digital twin to accelerate 

the implementation of new equipment and processes [11].  

5. Conclusions 

The essential Industry 5.0 strategy is designed to ensure a framework for industry 

that combines competitiveness and sustainability, allowing industry to realize its poten-

tial as one of the pillars of transformation. It is a strategy focused on emphasizing the 

impact of alternative modes of (technology) governance for sustainability and resilience. 

An effective Industry 5.0 strategy empowers workers using digital devices, endorsing a 

human-centric approach to technology; builds transition pathways towards environmen-

tally sustainable uses of technology; expands the remit of corporation's responsibility to 

their whole value chains; and, finally, introduces indicators that show, for each industrial 

ecosystem, the progress achieved on the path to well-being, resilience, and overall sus-

tainability. 

Preparing for Industry 5.0 is not inconsequential, but there are multiple forces array-

ing to compel businesses to adopt the core principles of human-centricity, resilience, and 

sustainability. It’s far better to take the opportunity to prepare ahead of time, rather than 

react to an unanticipated shock to the system. Beyond better, cheaper, and faster, the tech-

nology-enhanced mantra Industry 5.0 promises to lead the next generation into a balance 

of decisions that support smarter, cleaner, and more resilient industries. Realizing the up-

dated vision for Industry 5.0 will require new economic priorities to measure industry 

performance, new structure and design of business models, value chains and supply 
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chains, updated objectives for digital transformation, innovative approaches to policy-

making that better align the interests with business and industry, new ways to drive in-

novation and research capabilities, while better aligning the interests of businesses with 

broader society, government, and environment. The lessons learned from the pandemic 

underscore the compelling need to build resilience across value chains while securing jobs 

and economic security. 
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Abstract: The article describes the complete methodology and process of printing filament produc-

tion as well as the description of the basic parameters of the machine. The medically certified PPSU 

material in the form of granules was used to produce filaments that are used for additive manufac-

turing. Filament maker equipment (Precision series) and dryer from 3Devo (Netherlands) were used 

for the production of filaments. Cytotoxicity tests in vitro were subsequently performed on the pro-

duced filament - a test on extracts. 6 samples for 100 and 75 percent media were used for evaluation. 

The benefit of the work was the creation of a usable filament with a deviation of 1.75 +-0.1mm, which 

is sufficient for use in 3D printing. The cytotoxicity test proved that the specific material is not cyto-

toxic, as there was no decrease in metabolic activity below 70 percent.  

Keywords: polyphenylsulfone; cytotoxicity; extrusion; filament 

 

1. Introduction 

When it comes to new biomaterials and biomedical devices, thermoplastic and ther-

moset polymers represent a suitable choice mainly due to their mechanical behavior, 

chemical stability and physicochemical versatility. Whether considering the fields of re-

search or industry, the successful use of plastics has been reported in a variety of biomed-

ical applications, including the coating of medical devices, the fabrication of novel bio-

medical devices, selective and accurate detection and diagnostics, specific drugs, and per-

sonalized engineering. The attractive and adaptable properties associated with thermo-

plastic polymers have gained impressive attention and enable the assembly of specialty 

compounds for modern biomedical applications. In certain cases, some materials can also 

be used in the field of regenerative engineering [1,2]. In the case of biomedical polymers, 

the current challenge is to adjust the mixing and processing procedures to make adequate 

use of their characteristic properties and to manage the presence of any residual material 

that contains toxic potential. During the last decades, several experimental techniques 

have been tested and selected for the development of biomedical materials and devices 

based on plastics (injection molding, electrospinning, extrusion, and others). 

Among the most widely used additive manufacturing technologies is an extrusion-

based process in which a filament of thermoplastic material is liquefied and extruded 

through a nozzle to create a three-dimensional object in a layer-by-layer fashion. One of 

the challenges of this technology is the limited availability of materials [1,3].  

When choosing a polymer material for biomedical applications, it must meet specific 

mechanical conditions such as strength, impact resistance or stiffness. There are some 

thermoplastics that have suitable mechanical properties over a wide range of tempera-

tures, such as PC, PEEK, PPSU and nylon. Among biomaterials, PPSU is considered di-

mensionally stable because it has uniform shrinkage and deformation over wide temper-

ature ranges, allowing it to maintain tight tolerances in close abutment with bone struc-

ture [4]. 
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The main challenge in using synthetic polymers for biomedical applications is almost 

always the lack of biocompatibility, which is often associated with inflammatory reac-

tions. In direct connection with the aspects of surface contact, biocompatibility is an es-

sential element in the field of biomaterials. Biocompatibility has been officially defined as 

“the ability of a material to work with an appropriate host response in a specific applica-

tion. This broad definition includes the term "bioactivity", where the material produces a 

desired effect in living tissue, and thus the opposite of inertness [5]. We can also include 

a cytotoxicity test among the basic biocompatibility tests. 

The cytotoxicity test is an economical method with the advantages of a relatively 

simple test method, high repeatability, accurate result, and extensive evaluation as a result 

of standardization. Different cell lines are used for cytotoxicity assessment in accordance 

with the target application [6,7].  

2. Materials and Methods 

The granulate material used in the production of filaments: PPSU (Grade: Radel R-

5000NT), from the manufacturer Solvay. Based on information from the manufacturer, 

this material offers hydrolytic stability, toughness and excellent thermal coverage. The 

material transformation process was carried out on equipment from the manufacturer 

3Devo (Netherlands). 

2.1. Granulate priparation 

The material was delivered in the form of granules, protected from moisture and 

light by opaque vacuum packaging. Nevertheless, the materials were subjected to a dry-

ing process in a Dryer from 3Devo (Figure 1b). The drying of the granulate was carried 

out at a temperature of 100˚C and lasted for 3 hours. The rotating blades of the device mix 

the material during the drying process, while evenly distributing the heat emitted by the 

dryer. The drying process was chosen for the purpose of eliminating moisture in the ma-

terials.  

   

Figure 1. (a) PPSU material in form of granulate; (b) Dryer – 3Devo; (c) extrusion process 

2.2. Extrusion process 

Extrusion was performed on a filament maker (Precision series) (Figure 1c). The de-

vice was placed in a room with air conditioning to maintain a constant temperature. The 

temperatures on all four heating bodies of the filament maker were set to 350˚C. This tem-

perature was chosen based on knowledge of the melting point of the PPSU material. To 

achieve such a high temperature, we needed transit materials, because few materials can 

withstand such a wide temperature range (15-400˚C). 3 transit materials were used: 

• HDPE - temperature range 180-280˚C; 

• Devoclean MidTemp - temperature range 180-320˚C; 

• Devoclean HighTemp - temperature range 320-420˚C. 
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During the subsequent lowering of the temperatures of the individual heat bodies, 

we tried to achieve that the range of the drawn current was from 2050-2150mA. During 

extrusion, other important parameters were also monitored, such as: the speed of rotation 

of the sliding screw and cooling by the respective fans. With a suitable combination of 

these parameters, we tried to achieve a filament with a diameter of 1.75 mm. The final 

parameter combinations are summarized in Table 1. The filament was then wound into a 

spool (Figure 2a). You can see the graph showing the thickness of the filament in Figure 

2b. 

 

  

Figure 2. (a) PPSU spool produced; (b) Diameter [µm] / time [s] 

Table 1. Extrusion parameters for pure PPSU material  

Pure PPSU 

Heating element #4 #3 #2 #1 

Set temperature [˚C] ~345 ~347 ~347 ~347 

Round per minute 5 

Fan percentage output [%] 70 

2.3. Cytotoxicity test 

In order to determine the behavior of the material towards the organism, it was nec-

essary to perform an in vitro test on the cytotoxicity of the PPSU material. The purchased 

Radel R-5000NT material from Solvay has a medical certification of biocompatibility. Af-

ter the filament production process, it was necessary to find out whether the material pro-

duction method does not affect the biocompatibility of the PPSU material. The test was 

performed in accordance with ISO 10993-5:2009 and ISO 10993-12:2021. The cell line L929 

(ATCC® CCL-1™) was used to evaluate cell proliferation. The extraction medium was 

MEM (MEM (Sigma M0446) + 5% FBS (Sigma F7524) + ATB (Sigma A5955). The extraction 

conditions were: 24 h, 37°C, 120 RPM. 2 types of extracts were used: 100%- fresh (undi-

luted extract) and 75% extract (1 part extract + 3 parts medium). 

 

 

 

Chronological course of the exam: 

1. Day: 

• insertion of sterile samples into MEM+5% FSB+ATB medium 

• 37˚C shaking (120RPM) 

• 24-hour extraction 

• seeding 105 cells in a 96-well array 

• 24-hour incubation 

2. Day:  

• media control 

• 24-hour incubation 

3. Day: 

• measurement of metabolic activity 
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• preparation of resazurin in MEM 

• 1-hour incubation 

• fluorescence measurement (ex/em = 560/590nm) 

 

Figure 2. Measured metabolic activity; resazurin – resofurin assay 

Test results (quantitative): 

None of the extracts of the tested material caused a decrease in the metabolic activity of the cells 

below 70%. In the tested samples of both percentage variants the metabolic activity was slightly 

reduced compared to the negative control and to reference material. Four percentage reduction of 

cells in means that tested material is not cytotoxic. Based on visual inspection, an increase in the 

number of cells was evident after 24 hours of cultivation. Cells after culture with extracts are mor-

phologically comparable to unaffected cells. 

3. Conclusions 

The theoretical output of the article is the presentation of the reasons why the PPSU 

material is suitable for use in the field of biomedical engineering. Based on a suitable op-

timization of the equipment, the material was transformed from the form of pellets to the 

form of filament. Based on the sensor, it was evaluated as suitable for future use in FDM 

printing. Subsequently, the material was tested for cytotoxicity with a positive result. The 

measured values of cell proliferation were unchanged based on control on 6 samples. 
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Abstract: Fossil fuels, which are the primary contributors to climate change and global warming, 

are currently having a significant negative impact on the environment. Therefore, it would be ad-

vantageous to create sustainable alternative fuels. A potential fuel, bioethanol is environmentally 

friendly and renewable. In this study, a single-occupancy car was propelled by a mixture of bioeth-

anol and gasoline. Power, torque, and emissions served as the metrics used to measure bioethanol 

performance. The blend's bioethanol percentage was 5%, 10%, 30%, and 50%. Performance was 

worse than expected compared to 5% bioethanol, especially at higher engine speeds. Power and 

torque numbers were highest with the E5 blend. However, burning a mixture of bioethanol and 

gasoline produced 

Keywords: analysis; sustainable fuels; performance 

 

1. Introduction 

Fossil fuels, which are a major contributor to climate change and global warming, are 

currently having a significant negative impact on the environment. It would therefore be 

appropriate to develop sustainable alternative fuels. A potential fuel, bioethanol, is envi-

ronmentally friendly and renewable. In this study, a single-passenger vehicle was pow-

ered by a mixture of bioethanol and gasoline. Power, torque, and emissions served as 

the indices used to measure the performance of the bioethanol. The proportion of bioeth-

anol in the blend was 5%, 10%, 30% and 50%. The performance was worse than expected 

compared to 5% bioethanol, especially at higher engine speeds. The power and torque 

values were highest for the E5 blend. 

2. Materials and Methods 

Bioethanol testing (torque and power) on a motorcycle was performed in this study on an 

engine running at 4000 to 8000 rpm. A dynamometer test was used to measure the torque 

and power testing. A gas analyzer was used to test emissions when the engine was run-

ning at 500 to 4000 rpm. Different bioethanol and gasoline fuel blends (5%, 10%, 30%, and 

50%) were tested. After combining the fuel, a 125cc Yamaha motorcycle's performance 

was tested. DYNOJET i250 dynamometer used for evaluating torque and power. 
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3. Experimental results and discussion  

Figure 1 depicts the power output generated at various speeds and fuel combinations. 

Over 6 Kw of power was produced at 7500 revolutions per minute using E5 gasoline. As 

a result of using E10, the parameters subsequently declined. Higher bioethanol concen-

tration was used, and while the performance parameters stabilized, they were somewhat 

less than with E5. The investigation demonstrates that the biofuel enhances performance 

by enhancing detonation resistance, but for the improvements to truly take effect, the com-

pression ratio must be increased. [4,5] 

 

 Figure 1 Performance at different fuel mixtures 

 

 Figure 2 Torque waveform for different fuel mixture  
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Figure 2 depicts the torque fluctuation with engine speed for a bioethanol/gasoline com-

bination. The bioethanol-gasoline blends should, on the whole, deliver better torque per-

formance than regular gasoline. [7,9] 

 

 Figure 3 Analysis of CO2 emission 

One of the many reasons for doing this is that oxidized gasoline enables improved fuel 

combustion outcomes, which increases torque. Additionally, because bioethanol and gas-

oline blends include more oxygen than pure gasoline, they may burn more effectively. 

Because good acceleration requires a lot of torque, the crankshaft rotates with a bigger 

moment of inertia, which results in more economical fuel use. [5,6]  

Figure 3 displays the results of the measurement of the CO2 content of the exhaust gases 

at engine speeds ranging from 500 to 4000 rpm. Compared to pure gasoline, a bioethanol-

gasoline blend emits more carbon dioxide (CO2). Engine speed has an impact on the 

amount of CO2 emitted. The graph shows that the amount of CO2 emissions in bioetha-

nol-gasoline blends is higher than that in pure gasoline and rises when more bioethanol 

is utilized. The E50 blend has the greatest CO2 emission content [1,7]. E5 blends had the 

lowest CO2 content, though. The higher oxygen percentage in the fuel blend is what's 

causing the increase in CO2 emissions [4]. 

 

 Figure 4 NOx emission analysis 
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Figure 4 shows how engine speed affects NOx emissions. Nitric oxide (NO) and nitrogen 

dioxide (NO2) combine to form the NOx molecule when oxygen and nitrogen gases in 

the air are burned. The three critical factors that affect NOx formation are flame burning 

temperature, oxygen concentration, and combustion time [4]. Figure 4 shows the trend 

of lower NOx emissions occurring in the interval 500 - 3000 rpm, followed by an increase 

in NOx content from 3000 rpm onwards. All blends of bioethanol and gasoline typically 

emit less NOx than conventional gasoline. The E30 and E50 blends produced the lowest 

NOx values. [3,9]. 

4. Conclusions 

This study was successful in examining how bioethanol and gasoline mixtures performed. The anal-

yses proved that bioethanol should offer better fuel efficiency. [4,5,8] The issue was that the fuel 

mixture had a different specific gravity than air, which made mixing with it difficult. The anti-de- 

tonation qualities have been improved, which has resulted in a temporary decline in performance 

metrics at a particular compression ratio and standard fuel map. In other words, the engine design 

did not take advantage of the fuel performance. Compression must be raised and the fuel map must 

be changed in order to fully use the fuel mixture's potential. [1,2,3]  
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Abstract: Zn-based metallic alloys are the next generations of the biodegradable materials in bio-

medical implant applications. These materials shows perfect biocompatibility and their corrosion 

rates are lower compared to Mg-based alloys. The advantage of degradation process of Zn is ab-

sence of evolution excessive H2 gas. In the present study, Zn-Mg-Ca alloy microalloyed with Mn 

was studied. Alloys was fabricated by gravity casting and processed by hot extrusion. Mechanical 

properties and corrosion resistance were evaluated in comparison with pure zinc. After hot extru-

sion process the microhardness was improved by an average by 25%. With the addition of Mn, the 

microhardness of the extruded alloys increased by 40%. The highest microhardness value of 

133.8±12.0 was measured for the Zn-0.4Mg-0.4Ca-1.1Mn alloy after hot extrusion. The lowest cor-

rosion rate of 0.117 mm/year was measured for the sample Zn-0.4Mg-0.4Ca-0.6Mn. It should be 

noted that corrosion rate of studied Zn-based materials was close to the 0.2mm/year, which is ideal 

corrosion rate for biodegradable alloys. 

Keywords: biodegradable metallic materials, zinc-based alloys, mechanical properties, corrosion 

resistance 

 

1. Introduction 

The fundamental role of zinc in the human body was discovered in 1961, when Ira-

nian farmers discovered that people who ate zinc-poor foods (bread, potatoes, and milk) 

suffered from syndromes such as anemia, hypogonadism, and dwarfism. Since this dis-

covery, interest in the biochemical and clinical aspects of zinc has greatly increased [1]. It 

is now well known that zinc is one of the most abundant nutritional elements in the 

human body. Zinc is present in all organs, tissues, fluids and body secretions, with 86% 

found in skeletal muscle and bone, 6% in skin, 5% in liver, 1.5% in brain, and the rest 

distributed among other tissues [2][3]. At the cellular level, 30–40% is found in the nu-

cleus, 50% in the cytoplasm, organelles and vesicles, and the remaining part is found in 

the cell membrane. The human body is able to absorb zinc from the environment, regu-

late its concentration in body fluids, ensure its transport to places where its presence is 

needed, and safely excrete the excess through the kidneys [2]. 

Zinc plays an important role in the formation and mineralization of bone and bone 

mass and can also be found in the bone extracellular matrix, where it is deposited to-

gether with calcium hydroxyapatite. Lack of zinc in the bone matrix correlates with aging 

of the skeleton and causes various diseases [4]. 

Zinc and zinc-based alloys have only recently entered the list of bioresorbable me-

tallic materials as promising alternatives to magnesium and iron. 
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Zinc exhibits high chemical activity, with an electrode potential (−0.762 V) falling 

between that of magnesium (−2.372 V) and iron (−0.444 V) [5]. Therefore, pure zinc metal 

shows intermediate degradation rate (it degrades faster than Fe and its alloys, but slower 

than the fast-degrading Mg and its alloys) due to passive layers formed by corrosion 

products [6]. 

Zinc and its alloys are easier to cast and process due to their low melting points, low 

chemical reactivity and good machinability. Unlike Mg-based alloys, the melting of zinc 

alloys can be carried out in air [7]. 

 Pure Zn shows the lowest ultimate tensile strength σUTS , tensile yield strength σTYS 

and elongation ε among all metallic biomaterials (Tab.1). Therefore, the development 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 alloying strengthening and thermodeformation treatment [8]. 

 
Table 1. Comparison of physical and mechanical properties of bone tissues along with exist-

ing non-biodegradable and biodegradable metallic materials [8]. 

Tissue/Material ρ(g/cm3) σUTS (MPa) σTYS (MPa) E (GPa) ε (%) 

Cortical bone 1.8-2.0 35-283 105-114 5-23 1.07-2.1 

Trabecular bone 1.0-1.4 1.5-38 1-12 0.01-1.6 2.20-8.5 

316L stainless steel 8.0 450-650 200-300 190 30-40 

Co-Cr alloys (ASTM F90) 9.2 860 310 210 20 

Ti-6Al-4V (annealed) 4.4 895-1025 825-869 110-114 6-10 

Pure Mg 1.7-2.0 90-190 65-100 41-45 2-10 

Pure Fe 7.8 180-210 120-150 211.4 40 

Pure Zn (As cast a hot rolled) 7.14 18-140 10-110 1.2-2.1 0.3-36 

 

  

Alloying is usually the first choice in the design, with the purpose of improving the 

mechanical properties of the base metal, which can be achieved by creating solid solu-

tions or precipitation strengthening. As shows Tab. 2, the alloying elements Mg, Ca, Mn 

in resorbable Zn alloys has a different contribution in strengthening mechanisms. 

 

Table 2. Selected alloying elements and their effect on zinc alloys [9]. 

Element Daily Allowance Effect on zinc alloys 

Mg 700 mg ↑mechanical properties ↑corrosion rates 

Ca 800 mg ↑mechanical properties ↑corrosion rates 

Mn 4 mg 
Mn improves the casting process. 

↑susceptibility of galvanic micro-cell corrosion 

 

In the present work, the novel zinc alloys have been designed considering the bene-

fits of Zn, Mg, Ca and a minor amount of Mn to develop the Zn-Mg-Ca-Mn alloys and 

evaluated their chemical composition, mechanical properties and in vitro corrosion be-

havior.  
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2. Materials and Methods 

2.1. Materials‘ preparation 

A series of Zn alloys were prepared, specifically: Zn-0.4Mg-0.4Ca-xMn (x=0, 0.2, 0.4, 

0.6, 0.8 wt.%) with pure Zn (99.995%, Heneke, Mazak, bulk), pure Mg (99.98%, Alfa Ae-

sar, lumps), pure Ca (99.5% Alfa Aesar, granules) and pure Mn (99.3% Alfa Aesar , 

powder). Mg, Ca, Mn were chosen because they are non-toxic and biocompatible to liv-

ing organisms, they also improve mechanical properties and help maintain mechanical 

integrity for the required application time. The mentioned series of alloys was prepared 

by conventional gravity casting in a graphite mold under protective Ar atmosphere to 

prevent the possible formation of oxides in the alloy. 

Alloy ingots were machined into diameter 15 mm and height 20 mm and then hot 

extruded by hydraulic press at 250ºC with extrusion ratio 14:1 to diameter 4 mm.  

2.2. Methods of materials‘ characterization 

Actual chemical composition of the extruded ingots were analyzed by scanning 

electron microscope Tescan Vega 3 LMU supplemented by elemental EDX analysis (En-

ergy-Dispersive X-ray analyzer- Bruker Nano Xflash 410M) from the area 0,5 x 0,5 mm 

using magnification 230x and acceleration voltage 20kV.  

The specimens for microstructure characterization were embedding in electrically 

conductive material (PolyFast, Struers), in the Buehler SimpleMet 1000 device. The em-

bedding process conditions were: temperature 180˚C, pressure 30 MPa, time 15 minutes. 

Subsequently, these samples were ground and polished to ensure a smooth surface 

without grooves and scratches. Microstructure analysis was performed by optical mi-

croscope Olympus GX 71. Before this observation, the surfaces of the metallographic 

grindings were etched using Nital (Ethanol 96% and HNO3 4%) to highlight the micro-

structures. Images were taken under non-polarized light, using a microscope lens 

providing 1000x magnification.  

Microhardness measurements on the samples were performed on a Wilson-Wolper 

Tukon 1102 microhardness tester with a Vickers indenter. The applied load was 0.1 kg 

with duration of 10 s, and thus a microhardness of HV0.1 was determined. 10 indentations 

were performed on each sample and the arithmetic mean of the recorded data was de-

termined along with the determination of the measurement error.  

The measurement of the instantaneous corrosion rate was carried out after hot ex-

trusion using a potentiostat from the company Metrohm Autolab. The measurement was 

carried out in a volume of Hank's solution of 50 ml. Ag/AgCl reference electrode and 

platinum working electrode were used for measurement. Data were recorded in Intello 

software from Metrohm. The potential range was chosen from -0.9 V to -2 V and the scan 

rate was 5 mV/s. We obtained corrosion potential values from the measured data E and 

logarithmic values of current density log j. The corrosion rate (mm/year) was determined 

from equation:  

𝑣𝑐𝑜𝑟𝑟= 3,27x103
𝑖𝑐𝑜𝑟𝑟𝑥𝑀𝑤

𝜌.𝑧
   (1) 

where icorr is the electrochemical current density, Mw is the molar mass, ρ is the density, 

and z is the number of exchanged electrons. 

3. Results 

Chemical composition 

Table 3 shows actual chemical composition of the prepared alloys. The actual 

chemical composition varies from the required to 0.07wt%. 
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Table 3. Chemical composition of prepared alloys in [wt%] 

EDX  Mg Ca  Mn 

Zn-0.4Mg-0.4Ca 0.44 0.39 - 

Zn-0.4Mg-0.4Ca-0.2Mn 0.41 0.39 0.15 

Zn-0.4Mg-0.4Ca-0.4Mn 0.47 0.38 0.35 

Zn-0.4Mg-0.4Ca-0.6Mn 0.44 0.43 0.55 

Zn-0.4Mg-0.4Ca-0.8Mn 0.38 0.42 0.75 

Zn-0.4Mg-0.4Ca-1.1Mn 0.48 0.38 1.1 

 

 

Microstructure and microhardness 

Hot extrusion process resulted in grain refinement (Fig 1.), which is accompanied by 

hardening of the alloys. As the addition of Mn increases, further additional solid 

solution hardening of the alloys occurs. The highest microhardness value of 134±12.0 

was measured for the Zn-0.4Mg-0.4Ca-1.1Mn alloy after hot extrusion. Thus with the 

increasing of Mn content from 0 to 1.1 wt% the microhardness of prealloys increases 

from 83±5 to 109±9 and microhardness of extruded samples increases from 83±3 to 

134±12 ( Fig. 2.). 

 

                                               Prealloy                              After hot extrusion       

  
Figure 1. Comparison of microstructures of prealloys and extruded sample 

 

 

Figure 2. Microhardness HV0.1 of prealloys and after hot extrusion 
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Corrosion properties 

 

Table 4 shows that there is a positive shift in the corrosion potential E with a simul-

taneous decrease in the corrosion rate. The lowest corrosion rate of 0.117 mm/year was 

measured for the sample Zn-0.4Mg-0.4Ca-0.6Mn. However, all alloys have a 3 to 5 times 

lower instantaneous corrosion rate compared to pure zinc, which, together with im-

proved mechanical properties, favors them as materials for future implants. 

Table 4. Corrosion rate of prepared alloys 

Sample Corrosion 

potencial Ecor. 

[V] 

Corrosion 

current Icor. 

[µA/cm2] 

Corrosion rate v 

[mm/year] 

Zn -0.998±0.05 42.364 0.634 

Zn-0.4Mg-0.4Ca -0.967±0.05 10.519 0.224 

Zn-0.4Mg-0.4Ca-0.2Mn -0.968±0.05 8.974 0.213 

Zn-0.4Mg-0.4Ca-0.4Mn -0.983±0.05 10.839 0.287 

Zn-0.4Mg-0.4Ca-0.6Mn -0.940±0.05 4.055 0.117 

Zn-0.4Mg-0.4Ca-0.8Mn -0.947±0.05 6.622 0.207 

Zn-0.4Mg-0.4Ca-1.1Mn -0.971±0.05 4.677 0.164 

 

4. Discussion 

Zinc based alloys were recently suggested as a promising biodegradable materials, 

due to their excellent biocompatibility and electrode potential fallen in between that of 

magnesium and iron. In the present work, we examine the mechanical proper-

ties, corrosion properties and microstructure of Zn-Mg-Ca-Mn alloys. 

From the point of view of mechanical properties the microhardness was improved 

by 25% after extrusion process as shown Fig 2. Microhardness was higher than similar 

alloy Zn-1Mg-0.1Mn after hot rolling, which showed microhardness 107.82 Hv [10]. The 

largest impact on mechanical properties had micro-alloying with Mn. The highest mi-

crohardness value of 134±12.0 was measured for the Zn-0.4Mg-0.4Ca-1.1Mn alloy after 

hot extrusion. 

From electrochemical measurements, the corrosion rate was estimated. The lowest 

corrosion rate of 0.117 mm/year was measured for the sample Zn-0.4Mg-0.4Ca-0.6Mn. It 

should be noted that corrosion rate of novel Zn-based materials was close to the 

0.2mm/year, which is ideal corrosion rate of biodegradable alloys for instance in cardio-

vascular stent application. Corrosion rates of these alloys are comparable with alloy 

Zn-1Mg-0.1Mn which showed 0.25 mm/year [10]. 

This novel Zn-based alloys had potential to meet the requirements in mechanical 

properties for biodegradable materials especially Zn-0.4Mg-0.4Ca-0.6Mn, 

Zn-0.4Mg-0.4Ca-0.8Mn. Zn-0.4Mg-0.4Ca-1.1Mn which have acquired the highest values 

of microhardness and required corrosion rates for vascular stents. 

  

https://www.sciencedirect.com/topics/engineering/corrosion-property
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5. Conclusions 

The Zn-0.4Mg-0.4Ca-xMn (x=0, 0.2, 0.4, 0.6, 0.8, 1.1 wt.%) alloys were fabricated and 

after hot extrusion process the improvement of mechanical properties was occurred. The 

highest value 134 Hv was demonstrated for the alloy Zn-0.4Mg-0.4Ca-1.1Mn. All pre-

pared alloys shows corrosion rate close to the 0.2 mm/year. In the present study, hot ex-

truded Zn-0.4Mg-0.4Ca-xMn alloys had been shown as a candidate for biodegradable 

implant materials due to its appropriate corrosion rates and potential good mechanical 

properties.   
 

Acknowledgments: The article was created with the support of projects: Development of new bi-

oresorbable alloys for intracellular implants APVV-20-0068. Development of biodegradable 

zinc-based alloys for biomedical applications: “06/TUKE/2022”. VEGA 1/0387/22 Development and 

testing of systems for controlled stimulation of cell growth in a bioreactor environment using 

computer vision. 

 

References 

1. R. H. Nazanin Roohani, K. Roya, and S. Rainer, “Zinc and its importance for human health: An integrative review,” Journal of 

Research in Medical Sciences, 2013. 

https://www.researchgate.net/publication/271201421_Zinc_and_its_importance_for_human_health_An_integrative_review 

(accessed Feb. 23, 2022).  

2. L. M. Plum, L. Rink, and H. Haase, “The Essential Toxin: Impact of Zinc on Human Health,” OPEN ACCESS Int. J. Environ. Res. 

Public Heal., vol. 7, p. 7, 2010, doi: 10.3390/ijerph7041342. 

3. M. J. Jackson, “Physiology of Zinc: General Aspects,” pp. 1–14, 1989, doi: 10.1007/978-1-4471-3879-2_1. 

4. H. F. Li et al., “Development of biodegradable Zn-1X binary alloys with nutrient alloying elements Mg, Ca and Sr OPEN,” 2015, 

doi: 10.1038/srep10719  

5. X. Liu et al., “Effects of alloying elements (Ca and Sr) on microstructure, mechanical property and in vitro corrosion behavior 

of biodegradable Zn-1.5Mg alloy,” J. Alloys Compd., vol. 664, pp. 444–452, Apr. 2016, doi: 10.1016/J.JALLCOM.2015.10.116.  

6. T. Huang, Y. Zheng, and Y. Han, “Accelerating degradation rate of pure iron by zinc ion implantation,” Regen. Biomater., vol. 

3, no. 4, pp. 205–215, Dec. 2016, doi: 10.1093/RB/RBW020.  

7. J. Niu et al., “Research on a Zn-Cu alloy as a biodegradable material for potential vascular stents application,” Mater. Sci. Eng. C. 

Mater. Biol. Appl., vol. 69, pp. 407–413, Dec. 2016, doi: 10.1016/J.MSEC.2016.06.082. 

8. H. Kabir, et al. Recent research and progress of biodegradable zinc alloys and composites for biomedical application: Biome-

chanical and biocorrosion perspectives. Bioactive Materials 6 (2021) 836–879 

9. G. K. Levy, J. Goldman, and E. Aghion, “The Prospects of Zinc as a Structural Material for Biodegradable Implants—A Review 

Paper,” Met. 2017, Vol. 7, Page 402, vol. 7, no. 10, p. 402, Oct. 2017, doi: 10.3390/MET7100402 

10. X. Liu et al., “Micro-alloying with Mn in Zn-Mg alloy for future biodegradable metals application,” JMADE, vol. 94, pp. 95–104, 

2015, doi: 10.1016/j.matdes.2015.12.128. 



 

 

    

146 
 

Comparison of RFID robots  

Matúš Matiscsák 1, * and Peter Trebuňa 2  

1 Department of Industrial and Digital Engineering, Institute of Industrial Engineering, Management and En-

vironmental Engineering, Technical University of Košice, Park Komenského 9, 040 01 Košice, Slovakia; 

matus.matiscsak@tuke.sk  
2 Department of Industrial and Digital Engineering, Institute of Industrial Engineering, Management and En-

vironmental Engineering, Technical University of Košice, Park Komenského 9, 040 01 Košice, Slovakia; pe-

ter.trebuna@tuke.sk  

* Correspondence: matus.matiscsak@tuke.sk; Tel.: +421 55 602 3223 

Abstract: The main objective of this paper is to compare two RFID robots in a particular company 

based on basic parameters and tests. The company has opted for two tests which are described in 

detail in the article and the exact results are also given. At the beginning of the article, the RFID 

technology and the RFID robot are described to understand the background and results of the re-

search. The conclusion of the article is devoted to the evaluation of the tests performed by the com-

pany. 

1. Introduction 

Process streamlining is the alpha omega of the emerging Industry 4.0 era. SMART 

FACTORY's task is to achieve the fusion of machines with IT technology and the Internet. 

The Internet of Things (IoT) shifts previously autonomously acting isolated links (people, 

techniques, processes) into one coherent, independently functioning whole. And it is 

RFID technology that brings a globally understandable and accurate way to identify ob-

jects. RFID (Radio Frequency Identification) technology is the technology most used to 

wirelessly identify objects with special tags. The main initiator of this technology was Wal-

Mart, which in the past upgraded its identification system from barcodes to RFID tech-

nology.  Nowadays it is becoming more and more popular, and we meet it every day. 

The reason for its popularity is its increasing availability and the great advantages result-

ing from its use. The main advantage of using this technology in the identification of ob-

jects is the possibility of identifying them over long distances and the elimination of the 

need for direct visibility of the identified object. In recent years, there have also been ef-

forts to use this technology for motion sensing, which has significant advantages and dis-

advantages over commonly used systems. However, RFID is not only used to identify 

goods, but also, for example, in the healthcare sector it is associated with the identification 

of patients and medicines, or is used for contactless payment using payment cards, etc. 

2. RFID technology 

Radio Frequency Identification (RFID) system is based on an electromagnetic field to 

automatically identify and thus track tags attached to objects. The information is stored 

electromagnetically on the tags. Based on whether the tags have their own source or not, 

they can be classified as passive, semi-passive or active. Passive tags collect radio wave 

energy from a transmitter near the RFID reader. Active tags are characterized by a local 

power source (e.g., a battery) and can operate at several meters from the RFID reader. 

Compared to a barcode, tickets do not need to be positioned so that readers have direct 

visibility of the ticket. RFID is also used as a method for automatic identification and data 

collection [1]. The characteristics of the RFID system are shown in Table 1. 
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Table 1. Characteristics of the RFID system [2]   

Type Low Frequency High Frequency 
Ultra-high frequency 

Active Passive 

Frequency 125 -135 KHz 13,56 Mhz 860 – 960 Mhz 860 – 960 Mhz 

Range < 10 cm < 1 m < 100 m < 10 m 

Interference Weak sensitivity Medium sensitivity High sensitivity High sensitivity 

Data transfer Weak Weak High High 

Price tag Medium Low High Low 

Positives Meets global stand-

ards 

Meets global stand-

ards 

Very large range, lots 

of transmitted data 

Good range, easy 

production of trans-

ferred data 

Negatives Small scale, data ca-

pacity, amount of 

data 

Small range High cost, interfer-

ence with metals and 

liquids 

High interference 

with metals and liq-

uids 

 

Active RFID systems are made up of active RFID elements. The active RFID element 

has a built-in power source and allows to change the information in memory. It is used to 

collect information, evaluate, and then transmit the data. The disadvantage is the limited 

lifetime, which depends on the power source used [3,4]. 

Passive RFID systems are made up of passive RFID elements that do not have a built-

in power source and derive their energy from the magnetic pole of the reading device to 

operate. The memory size of these RFID elements ranges from 32 to 128 bits and the data 

stored in them cannot be modified. They are used for identification and are being consid-

ered as a future replacement for barcodes. Compared to active RFID elements, they re-

quire higher power reading devices and can communicate over a shorter distance [3,4]. 

Based on the characteristics of the RFID system, we can say that currently the preva-

lence of passive tags is much larger than the prevalence of active tags. This fact seems to 

be the case in the global environment, not only in Slovakia. The main reason for this is 

their cost, despite the wider possible application of active tags. In the future, however, this 

situation may change (with the advent of new technological approaches and decreasing 

prices of tags). 

3. RFID robots 

The fields of robotics, automation and artificial intelligence have seen tremendous 

growth and innovation in recent decades. RFID inventory accuracy using handheld RFID 

readers could reach 98% or more, but faulty procedures and human error reduce this ac-

curacy to 85-95%. An RFID robot is a mobile and autonomous RFID system that automat-

ically performs an inventory of a given area, for example in logistics or retail, giving us 

higher RFID inventory accuracy compared to manual readers. The RFID robot operates 

completely autonomously: the user specifies when the inventory is to be taken and the 

robot starts when it is scheduled. The RFID robot also locates each tagged item in two 

dimensions (x and y). This information can be processed to create a planogram of the items 

in the space. The information generated by the RFID robot is used to help employees de-

tect misplaced items, speed up pick and return management, and other operational pro-

cesses. Today, most RFID robots can already move in all directions because they can rotate 

on the spot without displacement. Therefore, it can easily move around any space. Each 

RFID robot has a fixed speed that is synchronized with the tag reading to maximize the 

reading speed. The RFID robot includes: an RFID system with a certain number of anten-

nas, which depends on the size of the RFID robot in question [5,6]. 

3.1. Differences of RFID robots 

The company in which the comparison and selection of a suitable RFID robot was 

carried out chose two specific RFID robots from two different companies. The first RFID 
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robot is the StockBot from PAL Robotics. The second RFID robot that the company chose 

is TORY RFID from MetraLabs. 

 

 

Figure 1. RFID robots 

In Table 2 we can see the basic parameters of RFID robots, which also played an im-

portant role in the selection of a particular RFID robot. 

Table 2. Basic parameters of RFID robots [7,8] 

 StockBot TORY RFID 

Dimensions (HxLxW) 190 x 50 x 50 cm 210 x 50 x 50 cm 

Speed 1,0 m/s 1,0 m/s 

Battery autonomy 12 h 8 h 

Charging time 4 h 2 -3 h 

Antennas 8 16 

Efficiency >99% (up to 500 tags/s) >99% (up to 1000 tags/s) 

 

Table 2 shows that the dimensions of the two RFID robots are almost identical, with 

only a difference in height of 20 cm. The movement speed of the robots is identical at 1.0 

m/s. The first major difference that we can see is in the battery life per charge. The StockBot 

from PAL Robotics can last approximately 12 hours on a single charge, which is 4 hours 

more than the TORY RFID. This implies that the StockBot will take longer to charge, ap-

proximately one hour longer than the TORY RFID. One of the most important parameters 

in an RFID robot is the number of antennas that read RFID tags. The StockBot has 8 an-

tennas, while the TORY RFID has up to 16 antennas, which increases the sensing effi-

ciency. Therefore, TORY RFID can capture up to approximately 1000 tags per second. 

4. Result of comparison 

The RFID robots were tested in the company's pilot store. The area of the store where 

the testing took place is 4,300 m2 and there were approximately 93,000 pieces in the store. 

The comparison of the performance, efficiency, speed, and quality of the specific RFID 

robots described in subsection 3.1 consisted of the following two tests: 

1. Inventory of the entire store (4300 m2) 

2. Manual inventory of 50 specific products (8700 pieces) 
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The first robot tested was the RFID robot StockBot from PAL Robotics. The StockBot 

took exactly 5 hours to inventory the entire store. Then, a manual inventory of 50 specific 

products was performed to determine the accuracy of the RFID robot's inventory perfor-

mance. In Figure 2. we can see the percentage success rate of the inventory on the specifi-

cally selected products. 

 

 

Figure 2. StockBot inventory success rate 

The overall success rate of the RFID robot StockBot on a specific 50 products, repre-

senting 8700 units, was 95,73%. 

The TORY RFID robot from MetraLabs was tested as the second one. TORY RFID 

took 3 hours and 30 minutes to inventory the entire store. Subsequently, a manual inven-

tory was also carried out on 50 specific products. The success rate on specific products can 

be seen in Figure 3. 

 

 

Figure 3. TORY RFID inventory success rate 

The overall success rate of the RFID robot TORY RFID on a specific 50 products, rep-

resenting 8700 units, was 97,33%. 
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5. Conclusions 

For RFID robots, a very important parameter is how many RFID antennas it contains. 

The more of them it has, the better the quality and accuracy of RFID tag reading. In our 

case, we compared two RFID robots, one had 8 antennas and the other had 16 antennas. 

The inventory success rate of the TORY RFID robot with 16 antennas on a particular 50 

products was 97.33% which is 1.6% more than the robot StockBot which has 8 antennas. 

Another important parameter for RFID robots is how many tags it can capture in one sec-

ond.  

From the results, we can see that speed is not an important parameter as both robots 

have the same speed and one has done the inventory of the whole store in 3 hours and 30 

minutes and the other in 5 hours. The time depended on the speed at which the RFID tags 

were captured. 

Based on a comparison of basic parameters and tests performed, the company chose 

the TORY RFID robot from MetraLabs. 
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Abstract: There is an increased demand for robots that are capable of autonomously working in 

complex human-inhabited environments. However, to accomplish tasks in such complex environ-

ments, a robot needs to autonomously find a sequence of actions that it must execute before achiev-

ing the requested goal. Using task and motion planning algorithms separately does not scale well 

and therefore there is a motivation to integrate both in such a way, which they can guide one an-

other. This integration can handle tasks that classical approaches fail, but it also creates significant 

challenges. This survey provides a brief introduction to the families of such methods, especially 

towards the optimization-based algorithm. 

Keywords: motion planning, task planning, robotics, constraints 

 

1. Introduction 

Each robotic application, regardless if it is located in an industrial or human-inhab-

ited environment, requires a sequence of actions that a robot must execute in order to 

achieve a user-defined goal. Even in a simple pick&place application, the robot’s actions 

are guided by a certain form of logic. The most used forms are finite state machines and 

behaviour trees that are very suitable for simple repetitive tasks. However, in the case of 

tasks, which require more sophisticated strategies as a result of the increased complexity 

of environments, these two widely used forms of logic do not scale well. Using them in a 

straightforward combination with a motion planner produces many challenges. Firstly, a 

user needs to define conditions and corresponding actions for all possible combinations 

of states that increase exponentially with the number of objects within an environment. 

Secondly, if the motion planner fails to find a feasible robot trajectory based on the task 

plan, the task planner freezes. Thirdly, most environments are dynamic, stochastic and 

not fully observable, so the policy can change over time or consists of additional actions 

to gain more knowledge about the environment, which is hard to implement using a finite 

state machine. Finally, the unguided task and motion replanning takes a lot of time, which 

is a crucial factor in the applicability of these approaches. [1][9] 

The motivation behind integrated task and motion planning (TAMP) is to solve the 

aforementioned reasons. The main idea is to combine a “high-level” task planner and a 

“low-level” motion planner in such a way, that they can guide themselves with the inten-

tion of solving the complex task in the shortest time possible. Task planning has been a 

research area of the AI community for decades and they have successfully developed very 

effective domain-independent methods, unfortunately, these methods work only in dis-

crete state space. On the other hand, the motion planning algorithms works very well for 

finding a solution within continuous state space. However, in a complex task, there can 

be additional state variables that are not geometric or kinematic and therefore cannot be 

handled by motion planners. In the case of TAMP, algorithms have to be capable of uti-

lizing AI and robotics approaches to find a solution for this hybrid state space. Nonethe-

less, this class of problems creates significant challenges in terms of computation and new 

powerful algorithms. [1][3][4][8] 
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This survey is organized as follows. In the first part, the general principles and clas-

sification of TAMP algorithms are introduced. The second part is focused on the optimi-

zation-based approach Logic-Geometric Programming (LGP) [2] and its implementation 

within ROS is discussed in the last part. The contribution of this paper is twofold: 

1. General introduction to TAMP 

2. Description of the LGP algorithm 

2. TAMP categories 

 

The found solution of TAMP consists of two parts: an action sequence and continu-

ous variables of those actions. We consider actions as discrete decisions that a robot needs 

to execute, for example: move without holding any object, pick an object A, move to the 

oven while holding an object A, place an object A into the oven, and cook an object A. An 

action sequence is also called an action skeleton. The second part of the solution is contin-

uous variables of the action skeleton, e.g. exact trajectory to an object A or a grasp pose 

for an object A. For a simple example of picking a pizza (object A) and cooking it in the 

oven, the solution could look as follows: [1] 

𝜋 = [
𝑚𝑜𝑣𝑒𝐹(𝑞0, 𝜏1, 𝑞1), 𝑝𝑖𝑐𝑘[𝐴](𝑞1, 𝑝𝐴, 𝑔2), 𝑚𝑜𝑣𝑒𝐻[𝐴](𝑞1, 𝜏3, 𝑞3),

 𝑝𝑙𝑎𝑐𝑒[𝐴](𝑞3, 𝑝4, 𝑔2), 𝑐𝑜𝑜𝑘[𝐴](𝑝4)
] (1) 

Finding a solution consists of two steps. The first step is to find an action sequence. 

There are many domain-independent state-of-the-art algorithms from the AI community 

such as FastDownward [3], but the issue is how to efficiently use it in collaboration with 

motion planning. The step is to solve the hybrid constraint satisfaction problem (H-CSP). 

There are two popular approaches for solving H-CSP, which are sampling-based methods 

and optimization-based methods, the same as it is in motion planning. [1][ 

The order of these two steps matters and the TAMP methods can be classified ac-

cordingly. There are three major types of the overall control flow of TAMP methods: 

1. Sequence before satisfaction – The algorithm first tries to find an action sequence and 

thereafter finds continuous variables for a given action sequence that satisfy all con-

straints. The necessary property of these methods is to have some way of backtracking 

in case the hybrid constraint satisfaction problem fails. [2] The schematic of the ap-

proach is shown in Fig. 1. 

2. Satisfy before sequencing – The algorithm generates valid samples of continuous state 

space, mostly by sampling, that are used for discrete search using a task planner. 

These approaches leverage the task planning speed in finite discrete spaces. The suc-

cess of these methods depends on the number of valid samples. The most famous 

example of this approach is PDDLStream [5]. The schematic of the approach is shown 

in Fig. 2. 

3. Interleaved – It is possible to combine both approaches into one and try to utilize the 

advantages of both of them. Since the most expensive part in terms of computational 

speed is motion planning, it is possible to just sample robot configuration space and 

use it for more efficient sequencing thereafter. After finding an action sequence, we 

can find the rest of the variables that satisfy constraints. [4] 

 

Figure 1. Sequence before satisfaction control flow [1] 
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Figure 2. Satisfy before sequencing control flow [1] 

3. Logic-Geometric Programming 

Marc Toussaint formulated the TAMP problem as a mathematical program. This 

novel framework satisfies all constraints within a given action sequence jointly. This 

proves to be very effective since by optimizing jointly, we can take into account the long-

term effects of early actions. The other advantage is that we can solve the task according 

to arbitrary objective function 𝜓(𝑥(𝑇)) of the final configuration. This cannot be achieved 

by the “satisfy before sequencing” methods. The TAMP problem is formulated as follows: 

[2] 

 
 

The optimization of this mathematical program is divided into three approximation 

levels. For this explanation, we will assume that Monte Carlo Tree Search (MCTS) is used 

as a task planner. MCTS generates potential action sequences. The first level of approxi-

mation optimizes over the final configuration 𝑥(𝑇) for each action sequence. After that, 

evaluates each final configuration and then chooses the best action sequence accordingly. 

The best action sequence is sent to the second level, which optimizes over each action of 

a given action sequence. If it is possible to find actions' continuous variables, then we con-

tinue into the third level, which performs the trajectory optimization between each action 

(waypoints/phases). If the optimization fails in any of the previous levels, then the infor-

mation about it is used as a heuristics for MCTS and the whole process is repeated. (Fig. 

3) [2][6] 

 
 

Figure 3. Satisfy before sequencing control flow 
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4. Conclusions 

The objective of this paper was to present a brief introduction to the research area of 

integrated task and motion planning. TAMP is motivated by solving complex tasks that 

cannot be effectively solved by standard, well-known methods. The aim of the first part 

is to inform a reader about the reasons for the failures of standard methods for many se-

quential tasks, as well as provide the core ideas behind different categories of TAMP 

methods. The second part is dedicated to the Logic-Geometric Programming algorithm, 

which is the state-of-the-art formulation of a TAMP problem that is capable of solving 

TAMP problems based on an arbitrary objective function and satisfying all constraints 

jointly. The future work will consist of using LGP offline plan as a platform to build on 

for the reactive task and motion planning that could handle perturbations within dynamic 

environments. 
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Abstract: The article discusses the design and construction of hydrogen distribution system for the 

modified Iveco Daily 70C chassis platform supplied by ROŠERO - P. The basic issues of the design 

of hydrogen distribution system and storage vessels are discussed. The system was designed to 

meet the EC79 regulation, valid at the time the solution was designed, as well as other safety re-

quirements. Individual components were chosen according to the EC79 regulation, while due to the 

design of an experimental vehicle intended for research and development in the field of low-pres-

sure metal hydride tanks, some of the components received a legislative exception for use. 
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1. Introduction 

Due to the tightening requirements for reducing CO2 emissions in transport 

in the territory of the European Union, vehicle manufacturers are increasingly focusing 

on the development of alternative drives of vehicles. In addition to battery-electric vehi-

cles (BEV), alternatives with a high potential for use in the future undoubtedly include 

hydrogen drive, especially in the field of heavy-duty transport. Thanks to hydrogen tech-

nologies, it could also be possible to meet the requirements set by European Green Deal 

to reduce 90 % of greenhouse gases produced by transport by 2050 compared to the situ-

ation in 1990. 

2. Design of hydrogen circuit 

The vast majority of current Fuel Cell Electric Vehicles (FCEV) use high-pressure 

compressed hydrogen tanks for hydrogen storage. In conventional FCEV buses, the pres-

sure in the vessels reaches a value of 350 bar [1,2]. The main difference in the proposed 

solution lies in the use of low-pressure vessels MNTZV-159, which store hydrogen using 

metal hydrides at a maximum operating pressure of 25 bar. 

High pressure up to 350 bar occurs only in a relatively small part of the hydrogen 

circuit, specifically in the area between the fuel filler neck and the first reduction valve. 

In addition to the mentioned components, pipes and fittings, there is also an electronic 

pressure sensor. Due to the high working pressure in this area of the hydrogen circuit, 

particularly high safety requirements are placed on these components. For this reason, 

components that meet the EC79 regulation were chosen in the high-pressure part of the 

circuit. 

In the area of the hydrogen circuit behind the first reduction valve, the pressure is 

reduced to a maximum level of 25 bar. In this part of the circuit between the first and 

second reduction valves, there is, for example, a system of vessels equipped with filters, 

an electronic pressure sensor, various valves, and safety elements of the circuit, such as 
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thermally activated pressure relief device (TPRD) and a safety valve. Of the components 

used in this area of the distribution system, the electronic pressure sensor and TPRD com-

ply with EC79 regulation. Other components could be applied to the hydrogen circuit 

considering the low operating pressure with a declaration from the manufacturer, as they 

are not “class 0 components”, i.e. high-pressure hydrogen components containing hydro-

gen at a nominal working pressure above 3 MPa.  

The temperature sensor applied on the surface of the vessel does not need to meet 

the EC79 regulation or does not need a declaration from the manufacturer, as it is only 

used for surface temperature measurement and the sensor is not used as a hydrogen cir-

cuit safety device.  

The second reduction valve reduces the pressure in the system to a value of 0.8 MPa. 

This pressure reduction is necessary due to the operating parameters of the fuel cell ap-

plied in the hydrogen bus. These three parts of hydrogen circuit with different maximum 

operating pressure are shown in Figure 1. 

  

Figure 1. Simplified scheme of designed hydrogen circuit.  

3. Low-pressure vessels for hydrogen storage 

The vessel array is defined as two or more vessels interconnected by pipes, securely 

enclosed in a casing or protective frame [3]. Each vessel array implemented in the hydro-

gen bus consists of three pieces of certified MNTZV-159, which were designed at the Fac-

ulty of Mechanical Engineering at Technical University of Košice according to the STN 

EN 13322-2 standard (Figure 2). There are two vessel arrays installed in the front part 

of the chassis (Figure 3). Each vessel consists of a primary and secondary section and is 

made of 316L stainless steel. The primary part of the vessel is the main body, and the sec-

ondary part is the outer shell of the vessel. 

In the resulting space between the primary and secondary parts of the vessels flows 

a cooling liquid, which ensures the temperature management of metal hydride hydrogen 

storage system. Temperature management is essential for enabling low-pressure storage 

of hydrogen in metal hydrides. When hydrogen is absorbed into the alloy during refuel-

ing, it is necessary to cool the vessels. On the other hand, when hydrogen is desorbed 
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during bus operation, it is necessary to heat the vessels. To ensure optimal heat transfer, 

the vessels are equipped with an internal heat transfer intensifier [4]. 

 

Figure 2. Construction of the low-pressure hydrogen vessel MNTZV-159 with an internal heat 

transfer intensifier. 1 – main cylindrical body of the vessel; 2 – cylindrical outer shell of the vessel; 

3 – flange for the cylindrical outer shell; 4 – elliptical bottom; 5 – internal heat transfer intensifier; 

6 – flange for coolant inlet; 7 – flange for coolant outlet; 8 – flange for hydrogen inlet/outlet  

 

Figure 3. Placement of hydrogen storage vessels in the front part of the bus chassis. 

Powdered metal hydride alloy Hydralloy C5 is applied in the storage vessels. 

The size of its grains is in the range of 0 – 2 mm. During the activation of the alloy and 

during the filling cycles, small cracks appear in the grains, which result in the splitting 

of the grains into microparticles [5]. To prevent contamination of the hydrogen circuit and 

its individual components with these microparticles of the metal hydride alloy, it is nec-

essary to equip the vessels with a 5-micron filter. 

4. Safety devices installed in the hydrogen circuit 

Safety devices are located in the second part of the hydrogen circuit, where the max-

imum operating pressure is 25 bar. These are devices such as TPRD and pressure relief 

valve. 
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The TPRD is a device designed to empty the hydrogen tanks if the system overheats, 

preventing them from rupturing due to fire. This device does not reclose after thermal 

activation. There are two basic types of TPRD. Devices of the first type are activated 

by melting the metal fuse at temperatures of 104 – 110 °C. The second type of TPRD uses 

a glass bulb containing a fluid. The fluid expands due to the high temperature, causing 

the glass bulb to break [6]. TPRD with metal fuse is implemented in the designed hydro-

gen bus. 

The TPRD must be installed in such a way that, in the event of activation, the hydro-

gen is diverted to the atmospheric discharge pipe, from where it is further discharged 

outside the vehicle. Hydrogen must not be discharged from the vehicle to non-insulated 

electrical switches, under the wheel fender, horizontally in front of and behind the vehicle, 

or from the sides of the vehicle. For this reason, the hydrogen is released to the roof 

of the vehicle. 

The vehicle is also equipped with a pressure relief valve which, if activated when 

the maximum allowed working pressure of 30 bar is exceeded, releases hydrogen into the 

same atmospheric pipe as the TPRD. 

5. Conclusions 

The proposed hydrogen distribution system must meet strict requirements in mobile 

applications not only in terms of functionality, but also in terms of safety. Since this is 

an innovative and not widespread technology of low-pressure hydrogen storage in mo-

bile applications, the design of the system faces many challenges. The EC79 regulation 

valid during the design of the hydrogen circuit was repealed in July 2022. It is important 

to mention that type approvals which were granted before this date will not be invali-

dated. 

In the future, however, only Regulation (EU) 2021/535 and UN Regulation No 134 

remains valid, which may cause uncertainty due to their narrow scope of focus. Some 

of the hydrogen components will be left with no applicable type approval framework. 

Therefore, in future designs, it is necessary to pay close attention not only to solving tech-

nological challenges, but also to potential changes in regulations. 
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Abstract: This article is dedicated to the digitization elements that are oriented towards the progres-

sive RTLS localization system. This system is designed to create analyzes through Sewio software, 

as in this case it will create localization safety zones to protect workers in production. This is soft-

ware that can be used to increase the efficiency of production, the safety of not only workers but 

also production technology and equipment. Among other applications, the software can analyze the 

movements of workers and handling equipment, locate employees in crisis situations such as fires 

and other accidents and thus prevent injuries. The article will further focus on a selected part of 

production in a company dedicated to heavy engineering. 

Keywords: RTLS, technology, production 

 

1. Introduction 

Real Time localization system (hereafter referred to as RTLS) is a term for technology 

that monitors the location of people, equipment, and machines in real time. This technol-

ogy is based on the UWB principle, which will be described below. It is important to un-

derstand the principle that if we want to point to something, we must know its exact lo-

cation. Therefore, even manufacturing companies are trying to increase their profits by 

implementing processes that ensure, for example, shorter times for finding material or 

tools using localization RTLS technology. Another important application is the safety of 

workers in production. By this we can understand the finding of an injured person, for 

example, in warehouses or a digital presentation in dangerous situations such as fires. 

Regarding safety in production, the RTLS system, in cooperation with software support, 

can create a system of digital virtual zones that ensure the safety of workers in dangerous 

areas, such as the movement of machines, robots, logistics vehicles, and the like. 

2. RTLS UWB location technology and its parts 

UWB stands for ultra-wideband signal technology. It is a communication technology 

used in wireless networks that uses low power consumption to achieve high-speed con-

nectivity. In other words, it is designed to transmit large volumes of data over short dis-

tances without high power consumption.  

This technology is designed for monitoring that takes place inside buildings, halls, or 

other facilities. In fact, it can be said to complement the Global Positioning System (GPS) 

in its philosophy. Due to the investment in the installation of an appropriate number of 

anchors, UWB RTLS technology is a suitable solution in applications where objects such 

as people, material as well as logistics assets move frequently. 

RTLS is thus a platform mostly used in manufacturing, in-house logistics, warehouses, 

shops or sports activities. 
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      Figure 1 Sewio UWB RTLS technology 

For the purpose of this article, the technology from Sewio was chosen. We use this tech-

nology at the Department of Industrial and Digital Engineering in two specialized labor-

atories, in the micro logistics laboratory and in Testbed 4.0. This software-hardware plat-

form provides the entire technology platform in a package of hardware (tags, anchors) 

and software (RTLS Studio). 

 

 

 

 

 

 

 

                            Figure 2 Hardware and software platform from Sewio 

The Sewio UWB RTLS platform consists of two types of hardware: signal transmitters, 

called tags, used to track entities, and signal receivers, called anchors, used to receive sig-

nals from tags. 

Tags are small electronic devices that are attached to any object or individual that needs 

to be tracked. The tags act as a transmitter and emit flashes that are received by the an-

chors and sent to the location server to calculate the tag positions. 

Anchors are electronic devices that detect UWB pulses emitted by UWB tags and then 

forward them to a location server to calculate the tag positions. To cover an area with an 

indoor tracking system, a set of anchors must be installed above the area to create the 

location infrastructure. 
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For accurate estimation of tag positions, it is generally recommended to deploy anchors 

at a distance of approximately 15-20 meters apart. These conditions are based on the syn-

chronization technology used, where the automatically selected anchors communicate 

with the RTLS server over a dedicated Ethernet cable network that must be installed be-

fore the anchors are deployed. The anchors can be powered via POE (Power over Ether-

net) through a passive POE splitter. UWB packets coming from the anchors pass through 

the POE splitters and IP switches directly to the RTLS server. 

 

 

 

 

 

 

 

 

 

                                    Figure 3 Example of location network layout in production 

2.1 System setup and accuracy 

Setting up the system is greatly simplified thanks to the RTLS Manager web-based 

tool, which is one of the modules of Sewio's RTLS Studio software platform. This module 

optimally sets up the system according to the quality parameters obtained from the sys-

tem installation environment. This essentially means uploading the layout of the produc-

tion area to the software environment.   

The RTLS platform requires fixed anchor coordinates stored on the RTLS server. This can 

be done via the drag & drop function integrated into the Sensmap framework, or directly 

in the RTLS Manager, by inserting the exact coordinates of each anchor. The anchors have 

their own IP addresses and therefore their configuration and management are clear and 

efficient. RTLS Manager allows you to check radio and IP configuration and remotely up-

load new settings in a user-friendly environment. 

Based on active communication with customers integrating and installing the RTLS plat-

form in various environments, it has been proven that the Sewio RTLS platform achieves 

an accuracy of up to half a meter. An accuracy of 20-30 centimeters can be achieved if the 

solution meets the condition of direct visibility between UWB devices. In some solutions, 

it may be necessary to increase the density of anchors, especially in narrow aisles or pro-

duction halls. The RTLS platform provides a very stable position estimate also thanks to 

the complex rules and filters applied to the algorithmic process. 

3. Converting static RTLS technology to mobile technology 

Since RTLS technology is primarily static, which is normally mounted on poles or 

walls of production halls. The main idea of this article is to create a digitization network 
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for the purpose of collecting production data, but with the possibility of tracking one spe-

cific part of the production. Therefore, its hardware part was mounted on classic photo-

graphic tripods. Subsequently, a network was created using UTP cables, which were con-

nected to a switch that then sends information directly to the localization server. 

 

                                    Figure 4 Vista DirectFive anchor on a photo tripod 

In the case of the measurement attempt, a company focused on the heavy industry was 

selected, which is dedicated to the custom production of spare parts for cargo machines 

(buckets, arms). As part of the production, the machining center was monitored, namely 

the horizontal milling cutter WTF13 and WTF13R. The main task was to supplement the 

digital protection zone. 

 

 

 

 

 

 

 

 

 

                                   Figure 5 Horizontal milling machine WTF13 
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Figure 2. Machining center with two horizontal cutters WTF13 and WTF13R; (Note - green marks indicate the most suitable position 

for signal receivers, which will ensure the creation of a localization network) 

5. Conclusions 

If a company wants to be competitive today and wants to be included among the 

companies that use the pillars of Industry 4.0, it must also implement these exponential 

technologies, such as RTLS localization systems. Nowadays, these technologies are com-

ing to the fore, and their importance is also realized by top managers, for whom it brings 

remarkable results and analyzes on which it is possible to create individual optimizations 

of production processes, material flows, as well as logistics and worker protection in pro-

duction. The localization network should always be designed to cover the measurement 

area as best as possible but with the least amount of hardware. 

In the case of this article, the creation of an application for the initialization of movement 

in the protective zone of the machine tool is considered as a possible continuation of the 

research. The WebSocket web interface has direct configurability to the localization soft-

ware RTLS Studio and thus offers the user the possibility of creating his own application 

according to the requirements. 
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Abstract: The contribution is focused on the analysis of surface roughness after applying the con-

version layer using phosphating. Two types of basic materials were used in the experiment – un-

coated deep-drawn steel DC 04 and hot-dip galvanized microalloyed steel HX340LAD+Z. During 

the application of the conversion layer, surface roughness changes were studied with respect to the 

phosphating time, which was 3, 5 and 10 minutes. The achieved results provide information for 

other technological operations such as the creation of lapped joints using gluing, where the correct 

anchoring of the adhesive is important for sufficient surface division. 

Keywords: conversion layer, roughness, phosphating 

 

1. Introduction 

In practice, steel materials are modified by applying a conversion layer through the 

phosphating process. The term conversion coatings collectively refers to chemical pre-

treatments of metal materials, which are created by a chemical reaction between the metal 

and the applied coating. The result of this chemical reaction is the formation of a surface 

layer - coating. are created by immersing a metal object in a chemical solution with or 

without applying an electric current to the object. 

We classify phosphating as a simple technology, which in the final result is intended 

to create an intermediate layer, for better adhesion of glue or other surface treatments or 

to increase the resistance of the base material to corrosion. [1,2,3,4] 

An important point is to observe the correlation between the duration of the phos-

phating process and the resulting changes in the surface of the material, which would lead 

to an optimal anchoring of the adhesive on a sufficiently fragmented surface for the sub-

sequent joining of the materials. The paper analyzes the changes in surface roughness 

during the application of the conversion layer due to different phosphating times. 

2. Materials and Methods 

Used materials: 

DC04 (1.0338) and HX340LAD+Z (1.0933) steels with dimensions of 100 x 25 x 8 mm 

were used as basic materials for the experiment. 

DC04 steel is an uncoated deep-drawn steel, particularly suitable for demanding ex-

ternal and internal parts in car bodies, or for other extrusions. 

HX340LAD+Z steel is a hot-dip galvanized microalloy steel. The chemical composi-

tion of the materials is in Table 1, and their mechanical properties and surface condition 

upon delivery is in Table 2. 

2.1 Pretreatment of the surface 

The surface of the test samples of DC steels was without any surface treatments, and 

the surface of HX type steels was coated with hot-dip galvanizing. 
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Table 1. Chemical composition of used steels. 

Material C Mn P Si S Nb Ti 

DC 0,04% 0,25% 0,01% - 0,01% - - 

HX 0,07% 0,60% 0,02% 0,01% 0,01% 0,03% 0,00% 

 

Table 2. Mechanical properties of materials and surface condition upon delivery from the sup-

plier.  

  

 

 

 

 

 

The tested samples of both materials were classified into two categories: 

1. Surfaces without further treatment – a steel sample is used for testing in the state 

in which it was delivered from the manufacturer. The sheet surface was preserved by 

electrostatic oiling with an intensity of 0.5-2.5 g.m-2, which protects it from corrosion. 

2. Surfaces with the addition of a conversion layer of zinc phosphate - during the 

phosphating process, small crystals form on the surface of the material, creating a phos-

phate layer that serves as protection against corrosion or as a base layer to improve adhe-

sion when applying additional layers and when gluing. 

A total of 8 types of samples were used for the experiment. Samples DC 0 and HX 0 

were samples of DC and HX type steels, the surface of which was not treated with a zinc 

phosphate conversion layer. The other samples used in the experiment were treated with 

a layer of zinc phosphate with different immersion times of the sample in the phosphating 

bath, namely 3, 5 and 10 minutes. In Table 3 shows the labels of the samples according to 

their phosphating times.  

 
                             Table 3. Designation of samples. 

Sample Steel type Time of phosphating 

DC 0 DC04 Sample 

DC 3 DC04 3 min 

DC 5 DC04 5 min 

DC 10 DC04 10 min 

HX 0 HX340LAD+Z - 

HX 3 HX340LAD+Z 3 min 

HX 5 HX340LAD+Z 5 min 

HX 10 HX340LAD+Z 10 min 

 

2.2 Phosphating process 

For the phosphating of the samples, the technology of phosphating with Pragofos 

1500, manufactured by Pragochema s.r.o., applied by immersion, was used. The phos-

phate layer has the task of protecting the material from corrosion or serves as a base layer 

Properties  DC HX 

Re (MPa) 197 414 

Rm (Mpa) 327 473 

A80 (%) 39 28,4 

Zn (g.m-2) - 111 

Surface condition Matte Improved surface 

Oiling (g.m-2) 0,5 - 2,5 0,6 - 2,5  
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before applying other layers. Before the phosphating process itself, the treated steel sur-

face was degreased with an alkaline, medium-emulsifying preparation Pragolod 57 N 

from Pragochema s.r.o. The preparation was applied to remove preservative oils and 

other impurities from the surface of the steel samples. Its effectiveness is also high on 

modern types of biodegradable oils such as rapeseed oil or oils based on acid esters of 

vegetable oils. The dispersant contained in the preparation is effective on graphite and 

metal particles, which are more complicated to remove from the surface. Pragolod 57 N 

was applied by immersing the sample in a bath. 

Before applying the phosphate layer after the application of the degreaser Pragolod 

57 N, the rinse in the bath was diluted with the activating rinse Pragofos 1007 at a concen-

tration of 0.3% at room temperature with a mixing time of 3 minutes. DC04 type steel 

samples were subsequently phosphated, as recommended manufacturer Pragochema 

s.r.o., in a Pragofos 1501 bath at a temperature of 60°C for 3, 5 and 10 minutes. Pragofos 

1501 is a concentrate for the preparation of a phosphating bath, the main components of 

which are zinc phosphate and chlorate. HX340LAD+Z steel samples were phosphated in 

a bath mixed with Pragofos 1501 and Pragofos 1502 products from Pragochema s.r.o., used 

to treat hot-dip galvanized steel. The preparation Pragofos 1502 is a preparation contain-

ing fluorides. The conversion phosphate layer was applied at a temperature of 60 °C for 

3, 5 and 10 min. After the phosphating process, the samples were rinsed with demineral-

ized water and dried with hot air. [5,7] 

2.3 Surface roughness measurement methodology 

The surface roughness of the individual samples was measured by the touch meas-

urement method with a profilometer of the type Surftest SJ-201 from the Japanese manu-

facturer of metrological equipment Mitutoyo. The measurement took place in accordance 

with the standard STN 4287. [5] For the purpose of the experiment, parameters were cho-

sen that could accurately describe the differences in the roughness of the evaluated sur-

faces.[6] 

The following parameters were selected: 

Ra [μm] – mean arithmetic deviation of the surface 

Rz [μm] – average value of the largest profile heights 

RSm [μm] - average width of profile elements 

RPc [-/cm] - number of profile elements per cm of length 

 

3. Measurement results and evaluation 

The resulting average values of the measurement of individual roughness parame-

ters are shown in Table 4. It follows from the measurements that the value of the param-

eter Ra does not change significantly for individual materials and surface treatments, it 

varies in the range: 

- for DC material from 0.96 to 1.05 μm, 

- for HX material from 0.80 to 1.05 μm. 

The parameter Rz is also relatively stable: 

- for DC material it ranges from 5.21 to 5.43 μm 

- for HX material from 5.13 to 5.97 μm. 

However, the differences between individual surface treatments were more clearly 

manifested in other parameters, namely RSm and RPc. The density of protrusions per 

centimeter of surface length, expressed by the RPc parameter, increased in DC material 

compared to the original surface, more clearly in the zinc phosphate surface with a phos-

phating time of 10 min. However, it should be noted that the difference in the RPc value 

for the phosphating duration of 5 min versus 10 minutes was relatively small (9 protru-

sions per cm-1) and therefore it is possible to apply phosphating for DC material even for 

5 minutes in order to achieve lower production costs. 

The zinc phosphate on the surface consists of a number of insoluble phosphate crys-

tals that grew on the surface in the phosphating process and the density of the protrusions 
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increased. The surfaces of the modified HX material rather just copy the original surface, 

so the density of the protrusions did not change significantly. This means that even in this 

case the phosphating process can be carried out for 5 minutes. 

An increased density of protrusions per centimeter of length means an increase in 

modified surfaces. In the case of using such surfaces for the formation of adhesive joints, 

it is possible to expect an increase in the contact area between the adhesive and the sur-

face-treated material. An increase in the contact area could be manifested by an increase 

in the bearing capacity of the joint. However, it is necessary to consider the assumption 

that the adhesion of the created phosphate layer to the base material will be higher than 

the adhesion of the glue to this created layer. In the case of the DC material, this happened 

after surface treatment phosphating to increase the number of protrusions compared to 

the untreated state. 

The surfaces of the HX treated material show approximately the same density of RPc 

protrusions. However, it is necessary to take into account the fact that the number of pro-

trusions of the HX material was already double that of the DC material in its original state, 

and after surface treatment by phosphating, the number of protrusions of the HX material 

is significantly higher than that of the DC material with the same treatments. It is therefore 

possible to conclude that the original surface profile was only copied during the phos-

phating of the HX material. 

 
Table 4. Measured values of roughness parameters 

Sample 
Measured values of roughness parameters 

Ra [μm] Rz [μm] RPc [-/mm] RSm [μm] 

DC 0 1,04 ±  0,10 5,43 ±0,49 44,78 ± 7,80 230 ± 39 

DC 3 1,05 ± 0,11 5,28 ±0,37 47,17 ± 6,72 216 ± 34 

DC 5 1,00 ± 0,12 5,35± 0,47 47,54 ± 9,87 218 ± 41 

DC 10 0,96 ± 0,10 5,21 ±0,57 56,57 ± 12,85 186 ± 46 

HX 0 1,05 ± 0,01 5,88±0,44 91,90 ± 12,40 104 ± 10 

HX 3 0,80 ± 0,08 5,13 ±0,53 96,08 ± 17,84 101 ± 24 

HX 5 0,97 ± 0,12 5,97 ±0,97 99,86 ± 21,41 98 ± 24 

HX 10 0,87 ± 0,12 5,83 ±1,18 98,14 ± 13,21 97 ± 27 

 

In the case of DC material, the number of protrusions increased after surface treat-

ment by phosphating compared to the untreated state. The surfaces of the HX treated 

material show approximately the same density of RPc protrusions. The Abbot-Firestone 

curve is different for both materials in their original state as u can see on Figure 1. The 

surface of the DC material shows a convex character as on, while the HX material has a 

more concave surface character. 

From the above results, it follows that, from the point of view of microgeometry, the 

HX material and its modified variants in the case of adhesive joining of materials have a 

greater possibility to create a joint with a high load-bearing capacity compared to the DC 

material, as it shows a higher number of protrusions (RPc parameter) and a more favora-

ble slope of the Abbot-Firestone curve. 

 

3.1 SEM appearance of the base material and pretreatment samples 

All types of surfaces were also documented by microscopic analysis with a JEOL 

JSM-6390LV scanning electron microscope. The appearance of the surfaces of all samples 

is shown in Fig. 2. Microscopic analysis documents that with a phosphating time of 3 

minutes, for both materials, zinc phosphate crystals are excluded in the form of needles 

in a lower density than with phosphating times of 5 and 10 minutes. 
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Figure 1.  Profilograms of measured DC samples and HX samples 

 

 

 

 

 

 

 

 

 
a) The surface of the DC 0 sample and HX 0 sample  

 

 

 

 

 

 

 

 

 

b) The surface of the DC 3 sample and HX 3 with sample  

 

 

 

 

 

 

 

 

 

c) The surface of the DC 5 sample and HX 5 sample  
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d) The surface of the DC 10 sample and HX 10 sample  

Figure 2. SEM appearance of the base material and pretreatment samples 

  
 

4. Conclusions 

Based on the experimental measurements, the following conclusions can be made: 

- when measuring the roughness, the value of the parameters Ra and Rz for individ-

ual materials does not change significantly after surface treatment by phosphating, the 

differences were manifested in the parameters RSm and RPc. The RPc parameter of the 

DC material after phosphating increased compared to the original surface. The surfaces 

of HX material modified by phosphating copy the original surface, the density of protru-

sions has not changed significantly. However, the number of protrusions in the HX mate-

rial was already double that of the DC material in its original state, and after surface treat-

ment with phosphating, the number of protrusions of the HX material is also higher than 

that of the DC material with the same treatments. For this reason, when using surfaces for 

adhesive bonding, the HX material and its modified variants are more likely to create a 

joint with a high load capacity compared to the DC material. 

The process of phosphating due to the resulting roughness and fragmentation of the 

surfaces as well as due to the achievement of lower production costs can be implemented 

in 5 minutes. Experiments with zinc phosphating confirmed the suitability of the given 

technology in connection with the further formation of adhesive joints. After phosphating, 

a favorable surface texture is created in terms of surface fragmentation with the assump-

tion of good anchoring of the adhesive. 
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Abstract: The paper analyzes the acoustic properties of crumb rubber, which comes from the recy-

cling of old tires from end-of-life vehicles. It is a granular material that can be used as a substitute 

for traditional materials used in soundproofing applications. The Attenuation index and Sound ab-

sorption coefficient were determined for rubber crumbs in three forms – in compact form, loose 

form and loose form pressed under pressure. The paper presents the research method and the re-

sults of the measurement achieved using the Kundt tube. 
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1. Introduction 

In the automotive or construction industry, requirements for the regulation of un-

wanted noise from the environment are starting to be taken into account more and more, 

which is also related to the development of materials with better acoustic properties [1,2]. 

Recycled materials such as rubber, glass, textiles McGinnes C. et al. (2005) described as 

advantageous for use in building constructions due to their environmental friendliness 

and easy availability [3]. 

The paper presents and compares the results of measurements of recycled rubber 

crumb in three forms. Since the production of compact materials is more expensive in 

terms of time and materials, and the price of chemical binders is also relatively high, the 

use of recycled bulk material from end-of-life cars could reduce these disadvantages and 

contribute to the improvement of the environment. 

2. Materials and Methods 

To determine the Coefficient of sound absorption (α) and the Attenuation Index (R), 

one of the most used methods is the measurement on an impedance tube. It is based on 

the measurement of the transfer function between two or by four signals from micro-

phones located inside the tube. In accordance with the measuring chain, a loudspeaker is 

placed at the end of the tube [4]. In Fig. 1 shows the equipment used to measure the Sound 

Absorption Coefficient (α) and the Attenuation Index R. The system includes a tube with 

an internal diameter of 60 mm (SW060-L) and a test sample holder with an internal diam-

eter of 60 mm (SW060-S). 

 
Figure 1. Measurement system of the Attenuation Index (R) 
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In order to measure the acoustic properties of bulk materials, test cassettes were de-

signed, since these materials cannot be placed directly in the impedance tube (Fig. 2). At 

the same time, this cartridge made it possible to test the material under pressure in the 

filling device, which achieved different porosity of the material. 

The measurement was performed in a capsule with a length of 50 mm. The body of 

the capsule is made of aluminum with surface treatment using CNC machining equip-

ment. The test cassette is closed with a perforated sieve, which prevents the tested material 

from spilling out [5]. 

 

 
Legend: 1 – cartridge case, 2 – lower perforated bottom, 3 – upper perforated lid, L – 

adjustable length. 

Figure 2. Test cartridge design 

 As part of the research, a device was developed for filling test cassettes with loose 

and compact material. This device is used for compaction, or pressing the material inside 

the cassette (Fig. 3). The loose material is poured into the cartridge and with the help of a 

linear piston the loose material is compacted inside. The pressure value in kilograms is 

displayed on the display of the control element [6]. 

 

 
Figure 3. A real view of the developed device for filling test cartridges 

 The choice of materials was conditioned by the possibilities and laboratory equip-

ment of the workplace, as well as its use in practice as an insulating and noise-absorbing 

material. On the basis of material, physical and mechanical properties, tires and rubber 

from cars and recycled rubber granulate from them were selected and used for the pur-

poses of the experiments (Fig. 4). The rubber material was chosen for research purposes 
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also because this material has good acoustic parameters and is already used in the pro-

duction of compact acoustic panels. 

 

   
Figure 4. Tested samples of recycled granulate 

 Measurements were made for one size fraction of rubber granulate 2-3 mm in three 

forms. The first was a compact panel, which was made using an epoxy-based adhesive 

and then compacted and pressed. The second sample was loosely poured into the test 

cassette and the third sample was made by compacting the loose fraction in the test cas-

sette using a device for filling these cassettes under a pressure of 100 kg. The compact 

recycled rubber had a weight of 88,8 g. The loose recycled rubber had a weight of 43,3 g 

and the compacted loose rubber had a weight of 52 g. 

3. Results 

A series of measurements of the acoustic properties of the examined samples were 

carried out, which were then compared, and based on the measurements and subsequent 

analysis, the suitability of these materials for soundproofing applications was assessed. 

Bulk material will always be used in acoustic applications in combination with an 

outer layer, because by its nature, bulk material cannot be used without an outer cover. 

When measuring acoustic properties, the test cassette represents the form of the outer cas-

ing. 

 

 
Figure 5. Coefficient of sound absorption (α) of recycled rubber crumb 

Based on the measurements carried out, the compact recycled rubber has the lowest 

sound absorption, as expected, due to low porosity, since in bulk materials, sound absorp-

tion occurs not only by the material itself, but also by the contribution of air gaps between 

individual rubber particles (Fig. 5). Comparable results were achieved by bulk and com-

pressed rubber. Compressed rubber performed better at high frequencies. The choice of 

fraction will take into account what use the given material is to have and at what frequen-

cies it will be used. 
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Figure 6. Attenuation index (R) of recycled crumb rubber 

When measuring the attenuation index, the compact rubber sample achieves the best 

values. (Fig. 6) Loose rubber crumb reached lower attenuation index values compared to 

compressed loose rubber crumb, as the compressed rubber crumb is more compact and 

therefore transmits less sound. Based on the results, compressed recycled rubber is in the 

middle between compact and bulk rubber crumb because it is compressed and therefore 

less porous than loose rubber. On the other hand, it is not as compact as a rubber crumb 

combined with an epoxy base. 

4. Conclusions 

The experiment was aimed at determining the sound absorption and attenuation in-

dex of recycled rubber crumb from vehicles after the service life. Three types of samples 

were tested, namely compact, loose and compressed fraction. The results show that both 

the compressed and the loose sample achieved better sound absorption than the compact 

sample at higher frequencies, which gives them a good prerequisite for the realization of 

anti-noise steins or other sound-insulating products. Compared to commercial materials, 

they are lighter, have a lower price and higher physical and chemical stability. 
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Abstract: Photocatalysis represents a unique class of chemical transformations. It uses the energy 

supplied by light and controls reactions that are difficult, sometimes even impossible, to carry out 

in the dark. When applied to thermodynamically increasing reactions such as photosynthesis, pho-

tocatalysis promises a sustainable solution for large-scale solar energy storage. A large number of 

photo-catalytic materials have been studied for efficient light absorption, charge separation and 

charge transfer. The aim of this article is to summarize the basics of photocatalysis and the very 

functioning of this process through the devices themselves, which use this chemical process with 

the help of special materials. 
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Introduction 

We are currently following the great development of science and research and the 

use of new technologies in all branches of industry. The 21st century is also marked by 

the coronavirus pandemic, which significantly affected the functioning of society as 

such. Deterioration of the health status of the population, significant mortality due to the 

virulence and variable mutations of the Covid-19 virus and the way it spreads were the 

reason for the creation of devices that use photocatalysis to eliminate and eliminate 

pathogens by means of air filtration, which in itself creates a safe environment for opera-

tion population in closed spaces. 

This article deals with the description of the photocatalysis process and the devices 

in which this chemical process takes place and offers its use in practice. The use of pho-

tocatalysis is also part of my dissertation, because I am designing and developing a de-

vice that directly uses this process to eliminate pathogens in the air in a closed space. 

Photocatalysis 

 

Photocatalysis is the process of chemical decomposition of substances in the presence 

of a photocatalyst and light radiation. In principle, it is based on photolysis, the natural 

decomposition of some substances by the action of light, accelerated by the presence of a 

photocatalyst. [1] 

If a material with photocatalytic properties is exposed to light radiation of a suitable 

wavelength, its surface is activated and a characteristic reaction is triggered. The free elec-

tron-hole pair created primarily, and the hydroxyl radicals created secondarily by the con-

tact of the excited molecule of the photocatalyst and water vapor decompose the present 

organic and inorganic substances. [2] 
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Principle of photocatalysis. [3] 

 

Substances that can be decomposed by photocatalysis include e.g. nitrogen oxides 

(NOx), sulfur oxides (SOx), carbon monoxide (CO), ozone (O3), ammonia (NH3), hydro-

gen sulfide (H2S), chlorinated hydrocarbons, dioxins, chlorobenzene, chlorophenol, sim-

ple hydrocarbons, aromatic hydrocarbons and also bacteria, viruses, fungi or micro dust 

particles. 

The final product then tends to be common and stable compounds. Concrete indus-

trial applications of the principle of photocatalysis can differ primarily with the type of 

catalyst. Nanocrystalline titanium dioxide TiO2 is most often used, which is activated by 

UV-A radiation. [2,3] 

       

      Types of photocatalysis: 

 

• Homogeneous photocatalysis, 

• Heterogeneous photocatalysis. 

 

Homogeneous photocatalysis 

It involves the existence of reactants and photocatalysts in the same phase. One of 

the very commonly used homogeneous photocatalysts is ozone and photo-Fenton sys-

tems. The reactive species here should be the hydroxyl radical, which is used for various 

purposes. The productivity and efficiency of Fenton-type processes is influenced by var-

ious operating parameters, such as hydrogen peroxide concentration, pH, and UV light 

intensity. [4] 

The main advantage of this process is the ability to use sunlight with a sensitivity of 

up to 450 nm wavelength, so this process is highly economical in terms of operating 

costs. 

 

Heterogeneous photocatalysis 

Heterogeneous photocatalysis involves catalysts and reactants in different phases. 

Heterogeneous photocatalysis includes a large number of reactions, but they are not lim-

ited to moderate or complete oxidation reactions such as dehydrogenation process, hy-

drogen transfer reaction, metal deposition, water detoxification, gaseous pollutant re-

moval process. [3,4] 

Commonly used heterogeneous photocatalysts include transition metal oxides and 

semiconductors, which have unique properties. [5] 

 

      Factors affecting photocatalysis 

• substrate concentration, 

• amount of photocatalyst, 

• amount of PH solution, 

• temperature of the reaction medium, 
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• light irradiation time, 

• light intensity, 

• surface area of the photocatalyst, 

• dissolving oxygen in the reaction medium, 

• the nature of the photocatalyst, 

• the nature of the substrate, 

• doping of metal and non-metal ions, 

• structure of photocatalyst and substrate. 

 

Mechanism of photocatalysis 

 

• Doping - The application of doping is known as the addition of impurities to a pure 

substance. Doping is divided into two sub-categories, which are: cationic doping and 

anionic doping. Cation doping involves doping cations into semiconductors such as 

metals. Anionic doping, on the other hand, involves the use of anions such as nonmet-

als. [6] 

 

• Composites/couplings - Another technique to make visible light photocatalysts 

more efficient for various applications is to combine semiconductors or composites so 

that semiconductors with a large band gap and semiconductors with a small band 

gap are connected to each other so that they have a more negative conductance level. 

[6] 

 

• Metallization - Various noble metals are used to improve the photocatalytic activity 

of the semiconductor. The probability of electron-hole recombination is reduced by 

this process, leading to efficient charge separation as well as higher photocatalytic 

reaction rates. Due to these properties of noble metals, electron transfer can be pro-

moted, leading to higher photocatalytic activity. [6,7] 

 

• Dye sensitization - is a favorable technique for surface development and modifica-

tion of photocatalysts to utilize visible light for energy conversion. The dyes have re-

dox properties as well as sensitivity to visible light, which may be useful for solar cells 

and in photocatalytic systems. [7] 

 

Types of photocatalytic devices 

 

Ozone generators generate or produce ozone from oxygen, which destroys all organ-

isms. These devices are suitable for disinfecting large spaces. With ozone, you can 

reliably destroy up to 99.9% of bacteria and viruses from the air and from surfaces, 

allergens and unpleasant odors. The ozone generator can only be used in closed 

spaces without the presence of people, animals and plants. 

 

 
Operation of the ozone generator [8] 
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Ionizer and the process of operation 

Ionizers help restore the natural balance of positive and negative ions in the inte-

rior, i.e. devices that can create ions. They purify the air, effectively neutralize bacteria 

and viruses, dust particles, absorb odors, aerosols and other volatile organic substances. 

Air ionizers have a positive effect on immunity, improve blood circulation and are also a 

great help for allergy sufferers. 

 
Ionization process [9] 

 

Devices using HEPA filters is an abbreviation for "High Efficiency Particulate Air filter", 

which means a highly effective filter of air particles. It was developed by NASA to protect 

astronauts from dangerous particles. The principle of operation is simple, a large flat filter 

made of glass microfiber is folded many times and folded into an accordion so that only 

clean air without any particles passes through it. In one layer, the filter is permeable, and 

its excellent filtering properties are achieved by consistent layering. 

 
HEPA filter function [10] 

 

Devices using UV-c radiation 

One of the ultraviolet rays and is commonly used not only in air purifiers but also as 

a separate disinfectant. It effectively eliminates bacteria, molds and viruses that spread 

not only through the air, but also on surfaces. UV-C light, like radio waves or X-rays, is 

an invisible form of electromagnetic radiation. UV light is a type of radiation that cannot 

be seen with the naked eye because it is part of the invisible part that makes up the elec-

tromagnetic spectrum. 

According to the method of use, we distinguish between direct and indirect radiation. 

Direct radiation works based on an open radiator. Disinfection using an open radiator 

takes place without the presence of people, animals and plants. Direct radiation does not 
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have a negative effect on the human body. The intensity of UV-C light decreases signifi-

cantly with distance, the further you are from the light source, the less exposed you are to 

danger. 

Direct contact with the light can cause inflammation of the conjunctiva or, in the 

worst case, seriously damage the eyesight. 

 
The principle of operation of the ozone generator [11] 

 

On the other hand, air purifiers with a closed emitter are safe and disinfection can 

take place in the presence of people. This type of air purification takes place in germicidal 

radiators. 

 

     Conclusions 

The aim of this article was to create a research about photocatalysis, its functioning 

and the processes that take place in the given process and about the devices in which this 

process takes place and about the possibilities of its use. The two most important condi-

tions are an effective photocatalyst and the use of a suitable range of radiation wave-

lengths. Each photocatalyst must have the most suitable conditions to achieve the highest 

possible efficiency. Conditions may vary with each reaction. It is necessary to experimen-

tally determine the correct application of photocatalysts according to the purpose for 

which we want to use them. No - sometimes it can be a thin layer, other times as an ad-

mixture in the material. 

This chemical process will continue to expand in various applications for improving 

the home environment, work space or environment. The use of photocatalysis is also part 

of my dissertation, in which I focus on the development of an experimental antimicrobial 

device. 
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Abstract: The paper describes the manner of calculating kinematic values on the mechanism. This 

is done by using homogenous transformations to determine the function of position, velocity, accel-

eration dependent on a partial turn and shift of the local coordinate systems of the given mecha-

nism’s parts with respect to the basic reference cartesian system in a manner which utilizes modern 

simulation environment, where the probability of calculation error is more a result of bad design or, 

eventually, swapping the variables, rather than a mistake in the equation.   
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1. Introduction 

 

Simulink has been developed by “The MathWorks” [1, 2]. It is a commercial tool for 

modeling, simulation and analysis of dynamic systems. Its primary interface is a graphic 

tool for creating block diagrams. It contains a set of block libraries. It is closely linked to 

the rest of the MATLAB environment and may control it or be scripted therefrom. Sim-

ulink is widely used in the theory of steering and digital signal processing for simulation 

and development. It contains many supporting tool packages, designed more specifically 

to a particular physical and technical area, which makes the work more pleasant and 

Matlab multifunctional. The paper describes an example of checking analytical calculation 

of kinematic values in Simulink on the given mechanical model published several times 

[3, 4, 5] also within the Modular architecture of production technology structural elements 

APVV-18-0413. This approach is applicable to other types of mechanisms, too. 

2. Mathematic description 

To analytically calculate the kinematic values [6 - 10] such as the trajectory or, alter-

natively, the position, velocity and acceleration, we must know the geometry and location 

of the given mechanism‘s joints. With the help of mathematical operations, we look for 

a functional dependence between motion of the examined mechanism part and the so - 

called reference system. In more complicated mechanisms, the risk of an error in calcula-

tion is relatively high. That is why it is an advantage to have another option of checking. 

The task is to establish the position, velocity, acceleration, eventually other values on 

the mechanism as needed, see Figure 1. Partial turn in the individual ith transformational 

links is described by the angle variable φi, or by the ϑi for the curvature. In the joints, 

coordinate systems are defined, the position and orientation of which is indisputably 

given by φi. The structure’s size is quantified by position vectors pi(φi, ϑi), on individual 

segments - ri in the so-called open kinematic chain. It is assumed that the modules, the 

joints are immaterial and perfectly rigid bodies. 
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Figure 1. Model  

The paper [5] gives a detailed description of the mechanism’s position kinematics, 

from which only the necessary equations will be mentioned. For the sake of an overview, 

we will limit ourselves to only a couple of modules from the given chain. In fact, there are 

six of them in the real model. 

2.1. For position 

For p1 

𝐩1 = 𝐑z1(𝜑1). 𝐫1 (1) 

For p2 

𝐩2 = 𝐩1 + 𝐑z1(𝜑1). 𝐑y2(𝜗2). 𝐑z2(𝜑2). 𝐫2 (2) 

For p3 

𝐩3 = 𝐩2 + 𝐑z1(𝜑1). 𝐑y2(𝜗2). 𝐑z2(𝜑2). 𝐑y3(𝜗3). 𝐑z3(𝜑3). 𝐫3 (3) 

For p4 

𝐩4 = 𝐩3 + 𝐑z1(𝜑1). 𝐑y2(𝜗2). 𝐑z2(𝜑2). 𝐑y3(𝜗3). 𝐑z3(𝜑3). 𝐑y4(𝜗4). 𝐫4 (4) 

Thus, we can write the following for Rzi(φi) 

𝐑zi(𝜑𝑖) = [
cos(𝜑𝑖) −sin(𝜑𝑖) 0

sin(𝜑𝑖) cos(𝜑𝑖) 0
0 0 1

] (5) 

And the following for Ryi(ϑi) 

𝐑yi(𝜗𝑖) = [
cos(𝜗𝑖) 0 sin(𝜗𝑖)

0 1 0
−sin(𝜗𝑖) 0 cos(𝜗𝑖)

] (6) 

And the following for ri in centerline 

𝐫i = [
0
0
𝐿𝑖

] (7) 

Resulting relations describing the individual effector position vector components 

pi=[pxi, pyi, pzi]T may be obtained by multiplication of the matrices in (1), (2), (3), (4). They 

take up too much space to be included here. 

2.2. For velocity 

We obtain the individual velocities by derivation of the position vectors pi according 

to time 
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𝐯𝑖 = 𝐩𝑖

•
= 𝐑zi

•

(𝜑𝑖) ⋅ 𝐫𝑖 (8) 

It may be derived that the following is true 

𝐑zi

•

(𝜑i) = 𝐑zi ⋅ 𝛀zi (9) 

Where the segment’s angular velocity in the space around the zi axis is defined by the 

antisymmetric Ωzi(ωi) matrix [6, 7, 8, 10]. Thus, for Ωzi(ωi), the following may be written 

𝛀zi = [
0 −𝜔𝑖 0
𝜔𝑖 0 0
0 0 0

] (10) 

For the vi vector of velocities in space and in the individual assemblies coordinate 

systems, vi= [vxi, vyi, vzi] T. Then based on (8), (9), we can write the following for v1 

𝐯1 = 𝐑z1 ⋅ 𝛀z1. 𝐫1 (11) 

For v2 

𝐯2 = 𝐯1 + (𝐑z1. 𝐑y2. 𝐑z2. 𝛀z2 + 𝐑z1. 𝛀z1. 𝐑y2. 𝐑z2). 𝐫2 (12) 

For v3 

𝐯3 = 𝐯2 + (𝐑z1. 𝐑y2. 𝐑z2. 𝐑y3. 𝐑z3. 𝛀z3 + 𝐑z1 . 𝐑y2. 𝐑z2 . 𝛀z2. 𝐑y3. 𝐑z3

+ 𝐑z1. 𝛀z1. 𝐑y2. 𝐑z2. 𝐑y3. 𝐑z3). 𝐫3 
(13) 

For v4 

𝐯4 = 𝐯3 + (𝐑z1 . 𝐑y2. 𝐑z2 . 𝐑y3. 𝐑z3 . 𝛀z3. 𝐑y4 + 𝐑z1 . 𝐑y2. 𝐑z2 . 𝛀z2. 𝐑y3. 𝐑z3. 𝐑y4

+ 𝐑z1 . 𝛀z1. 𝐑y2. 𝐑z2. 𝐑y3. 𝐑z3. 𝐑y4). 𝐫4 
(14) 

Resulting relations describing the individual effector velocity vector components 

vi=[vxi, vyi, vzi]T may be obtained by multiplication of the matrices in (11), (12), (13), (14). 

They take up too much space to be included here.    

2.3. For acceleration 

Individual accelerations are obtained from derivation of the position vectors of the 

velocity vi according to time. Thus, for the ai acceleration, the following is true 

𝐚𝑖 = 𝐯𝑖
•

= 𝐑zi

••

(𝜑𝑖) ⋅ 𝐫𝑖  (15) 

It may be derived that the following is true 

 

𝐑zi

••

(𝜑i) = 𝐑zi ⋅ (𝛀zi
2 + 𝚬zi) (16) 

Where the segment’s angular acceleration in the space around the zi axis is defined 

by the antisymmetric matrix Εzi(εi) [6, 7, 8, 10]. Thus, the following can be written for Εzi(εi) 

𝚬zi = [
0 −𝜀𝑖 0
𝜀𝑖 0 0
0 0 0

] (17) 

For the acceleration vector ai in space and in the individual coordinate systems: 

ai=[axi, ayi, azi]T. Then based on (15), (16), we can write the following for a1 

𝐚1 = 𝐑z1 ⋅ (𝛀z1
2 + 𝚬z1). 𝐫1 (18) 

For a2  
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𝐚2 = 𝐚1 + (𝐑z1. 𝐑y2. 𝐑z2. (𝛀z2
2 + 𝚬z2) + 𝐑z1. (𝛀z1

2 + 𝚬z1). 𝐑y2. 𝐑z2 + 2. 𝐑z1. 𝛀z1. 𝐑y2. 𝐑z2 . 𝛀z2). 𝐫2 (19) 

For a3  

𝐚3 = 𝐚2 + (2. 𝐑z1. 𝐑y2. 𝐑z2. 𝛀z2. 𝐑y3 . 𝐑z3. 𝛀z3 + 2. 𝐑z1. 𝛀z1. 𝐑y2. 𝐑z2. 𝐑y3 . 𝐑z3. 𝛀z3

+ 2. 𝐑z1 . 𝛀z1. 𝐑y2. 𝐑z2. 𝛀z2. 𝐑y3 . 𝐑z3 + 𝐑z1. 𝐑y2. 𝐑z2. 𝐑y3. 𝐑z3. (𝛀z3
2 + 𝚬z3)

+ 𝐑z1. 𝐑y2. 𝐑z2. (𝛀z2
2 + 𝚬z2). 𝐑y3. 𝐑z3 + 𝐑z1. (𝛀z1

2 + 𝚬z1). 𝐑y2. 𝐑z2 . 𝐑y3. 𝐑z3). 𝐫3 

(20) 

For a4  

𝐚4 = 𝐚3 + (2. 𝐑z1. 𝐑y2. 𝐑z2. 𝛀z2. 𝐑y3. 𝐑z3. 𝛀z3. 𝐑y4 + 2. 𝐑z1. 𝛀z1. 𝐑y2. 𝐑z2. 𝐑y3. 𝐑z3 . 𝛀z3. 𝐑y4

+ 2. 𝐑z1 . 𝛀z1. 𝐑y2. 𝐑z2. 𝛀z2. 𝐑y3 . 𝐑z3. 𝐑y4 + 𝐑z1. 𝐑y2. 𝐑z2. 𝐑y3. 𝐑z3. (𝛀z3
2 + 𝚬z3). 𝐑y4

+ 𝐑z1. 𝐑y2. 𝐑z2. (𝛀z2
2 + 𝚬z2). 𝐑y3. 𝐑z3. 𝐑y4 + 𝐑z1 . (𝛀z1

2 + 𝚬z1). 𝐑y2. 𝐑z2. 𝐑y3. 𝐑z3. 𝐑y4). 𝐫4 

(21) 

Final relations between the individual effector acceleration vector components  

ai=[axi, ayi, azi]T can be obtained from multiplication of the matrices in (18), (19), (20), (21). 

They are too extensive to be included here. 

3. Experimental solution using a model of the mechanism 

Calculated kinematic values were checked in the Matlab Simulink toolbox Multi-

body. First, we correctly assemble the given model. Figure 2. shows blocks – the parts 

linked together in ith coordinate systems of Si{Oi, xi, yi, zi}. The S1{O1, x1, y1, z1} coordinate 

system makes up a so-called base (the reference cartesian system). Each of the parts, i.e., 

Part1, Part2, Part3, is able to rotate around its own axis zi. The Part1, Part2, Part3 are actu-

ated by the respective angular acceleration εi. The last of the parts, Part4, does not rotate 

around its own axis. Kinematic vectors (pi, vi, ai) are obtained easily from the transfor-

mation sensors – Sensor1, Sensor2, Sensor3. Individual blocks can be grouped together 

and they can be assigned a picture expressing their function. Thus, the resulting model 

does not have to appear complicated. 

 

Figure 2. Blocks scheme in the Matlab Simulink Multibody toolbox 

The signal used in actuating the individual joints of the mechanism, i.e., Part1 to 

Part3, must be adjusted following well-known physical equations and rules in Multibody. 

In our case (around the zi axis) the following holds for the angular acceleration εi: 
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  𝜀i =
𝑑𝜔i

𝑑𝑡
 (22) 

Since the angular acceleration εi will be known, we need to obtain the angular veloc-

ity ωi. We are solving a differential equation with the initial condition of ωi(t=0)=0: 

  ∫ 𝑑𝜔i
𝜔i

0
= 𝜀i ∫ 𝑑𝑡

𝑡

0
 (23) 

Angular velocity is: 

  𝜔i = 𝜀i𝑡 (24) 

For partial turning φi, the following is derived by analogy: 

  𝜔i =
𝑑𝜑i

𝑑𝑡
 (25) 

From (24) and (25), we get: 

  ∫ 𝑑𝜑i
𝜑i

0
= 𝜀i ∫ 𝑡𝑑𝑡

𝑡

0
 (26) 

Partial turn with the initial condition of φi(t=0)=0 will be as follows: 

  𝜑i = 𝜀i
𝑡2

2
 (27) 

In this way, we obtained all the values necessary to control the joint (Revolute Joint) 

see Figure 3. Actuation of the joint is then set to automatically computed torque and mo-

tion is provided by input. 

 

Figure 3. Detail of the Part1 

Also important is to correctly set the converter (Simulink - Physical Signal Converter) 

for the input value itself and for its first, second derivative. Kinematic time-dependent 

values are exported from individual sensors, see Figure 4. 

 

Figure 4. Detail of the Sensor1 
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4. Results 

We compute the results of differential kinematic equations for the given moment in 

time t from the equations (1) to (27). Individual parts‘ lengths are L1=0.2432 m, L2=0.2124 

m, L3=0.2124 m, L4=0.2124 m. For the moment in time t=1 s, ε1=0.3 rad.s-2, ε2=0.9 rad.s-2, 

ε3=1.8 rad.s-2, φ1(t=0)=0, φ2(t=0)=0, φ3(t=0)=0, ϑ2=80°, ϑ3=70°, ϑ4= 52°; 

4.1. For position 

According to equation (27) the following holds for instantaneous φ1  

  𝜑1 = 0.3
12

2
= 0.15 [rad] (28) 

According to equation (1) the following holds for p1  

𝐩1 = [
cos(0.15) −sin(0.15) 0

sin(0.15) cos(0.15) 0
0 0 1

] . [
0
0

0.2432
] = [

0
0

0.2432
] [m] (29) 

Due to extensiveness of some equations, we only present results computed and in-

serted into the equations below. According to equation (2), the following holds for p2  

𝐩2 = [
0.2068
0.0313
0.2801

] [m] (30) 

According to equation (3), the following holds for p3  

𝐩3 = [
0.2955
0.1325
0.1157

] [m] (31) 

According to equation (4), the following holds for p4  

  𝐩4 = [
0.2306
0.3118
−0.0221

] [m] (32) 

4.2. For velocity 

According to equation (24), the following holds for instantaneous ω1  

  𝜔1 = 0,3.1 [rad.s-1] (33) 

According to equation (10), the following holds 

𝛀z1 = [
0 −0.3 0
0.3 0 0
0 0 0

] [rad.s-1] (34) 

According to equation (11), the following holds for v1  

𝐯1 = [
0.9888 −0.1494 0
0.1494 0.9888 0

0 0 1
] ⋅ [

0 −0,3 0
0.3 0 0
0 0 0

] . [
0
0

0.2432
] = [

0
0
0
]  [m.s-1] (35) 

Due to extensiveness of equations, we only present results computed and inserted 

into the equations below. According to equation (12), the following holds for v2  

𝐯2 = [
−0.0094
0.0621

0
]  [m.s-1] (36) 

According to equation (13), the following holds for v3  

𝐯3 = [
−0.0773
0.2466
0.0770

]  [m.s-1] (37) 
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According to equation (14), the following holds for v4  

𝐯4 = [
−0.0020
0.4596
0.4330

]  [m.s-1] (38) 

4.3. For acceleration 

According to equation (17), the following holds 

𝐄z1 = [
0 −0.3 0
0.3 0 0
0 0 0

] [rad.s-2] (39) 

According to equation (18), the following holds for a1  

𝐚1 = [
0.9888 −0.1494 0
0.1494 0.9888 0

0 0 1
] ⋅ ([

0 −0.3 0
0.3 0 0
0 0 0

]

2

+ [
0 −0.3 0
0.3 0 0
0 0 0

]) . [
0
0

0.2432
] = [

0
0
0
]  [m.s-2] (40) 

Due to extensiveness of equations, we only present results computed and inserted 

into the equations below. According to equation (19), the following holds for a2  

𝐚2 = [
−0.0280
0.0592

0
]  [m.s-2] (41) 

According to equation (20) the following holds for a3  

𝐚3 = [
−0.2132
0.1388
0.2203

]  [m.s-2] (42) 

According to equation (21), the following holds for a4  

𝐚4 = [
0.1264
−0.3981
0.8567

]  [m.s-2] (43) 

Figure 5 shows the results from Sensor4 (values from the last part of the kinematic 

chain), for the moment in time t=1s. 

  

(a) (b) 
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(c) (d) 

Figure 5. Results from Sensor4 (values from the last part of the kinematic chain), for the moment in time t=1s: (a) Central 

axis position Part4; (b) Central axis velocity Part4; (c) Central axis acceleration Part4; (d) Kinematic vectors output from 

Sensor4. 

4. Discussion and Conclusions 

 The results above, see Figure 5, point to the following. Individual kinematic values, i.e., in our 

case the Part4 position, velocity and the central axis acceleration, are identical (at least to three dec-

imal places) with the values calculated through equations (28) to (43). Other values, such as the 

angular velocity or the angular partial turn of any mechanism part, can be obtained in this manner, 

too. The same applies to determining orientation of any mechanism part. As mentioned in the be-

ginning, individual parts of the chain in simulation were modeled as immaterial and perfectly rigid. 

In the simulation environment, some changes are only a few clicks away, without complicated com-

pilation of equations. However, in some cases, if our requirement is functional dependence of some 

values, it is good to have both approaches under control. 
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3D PRINTED CUSTOMIZED CAST FOR A CHILD WITH UP-

PER EXTREMITY FRACTURES: A CASE STUDY 
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Abstract: In recent years, 3D technologies have become part of medicine thanks to the possibility of 

personalizing medical devices. This advantage has found its application mainly in prosthetics and 

orthotics. The work deals with the design and production of a personalized forearm orthosis made 

of PA12 (polyamide) material using MJF (Multi Jet Fusion) additive technology. The orthosis was 

designed for an eleven-year-old child with a dislocated elbow, a fracture of the epicondyle of the 

radius and humerus. 

Keywords: additive manufacturing, orthosis, MJF technology 

 

1. Introduction 

Successful treatment of fractures requires immobilization of the damaged site. Tradi-

tional methods of immobilization in orthopedics include plastering, which has certain dis-

advantages, such as the opacity of the molded splint, which prevents control of the con-

dition of soft tissues, postoperative wounds and swelling. Dermatological complications 

can also occur due to the impermeability of the material. The disadvantages of conven-

tional production also include the weight and volume of the resulting splint. These splints 

are cheap, strong, easy to apply and ensure stability and limitation of joint mobility. How-

ever, this effect can be achieved with orthoses made of polymer materials, which are com-

monly used in additive manufacturing and, thanks to the diverse possibility of modifying 

the design, are able to eliminate the disadvantages in traditional manufacturing. [1-3] 

 

This case study presents a practical methodology for manufacturing a 3D printed 

elbow and wrist immobilization orthosis to overcome the disadvantages of conventional 

manufacturing in a pediatric setting. It includes the methodology of non-contact acquisi-

tion of measurement data, which were used for the subsequent design of a personalized 

aid, considering limited mobility. At the same time, it describes the procedure for model-

ing an orthotic device with the required subject design, subsequent production and post-

processing.  

2. Materials and Methods 

An eleven-year-old girl fell from her bicycle onto her dominant right upper limb. 

Immediate swelling and pain were noted around the elbow. During the palpation exami-

nation, there was tenderness and swelling of the elbow joint. After performing an X-ray 

examination, a fracture of the lateral epicondyle of the humerus, the epicondyle of the 

spindle bone and a dislocated elbow were found. The subject underwent surgery (Fig. 1) 

and prescribed treatment, which included temporary immobilization through an orthotic 

device. 
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  (a) (b) 

Figure 2. Postoperative radiograph of the right hand in neutral position: (a) wrist joint; (b) elbow joint 

Before the actual design of the individual prosthesis, it is necessary to obtain anthro-

pometric and morphological measurements of the hand, which will be used for the CAD 

design of the personalized aid. The method of obtaining measurements was using a 3D 

handheld Artec Eva scanner (Artec 3D, Luxemburg, Luxembourg), with a scanning fre-

quency of 8 frames per second. The scanning was performed considering the sensitivity 

and limited mobility of the damaged limb. It was necessary to consider the possibilities of 

positioning the limb to obtain the highest possible morphological shape of the forearm 

with the wrist and elbow joint and at the same time. Due to pain, scanning was performed 

with the elbow joint flexed (90°) and with external rotation in the subject's shoulder joint. 

This position was secured with the assistance of a second person by holding the hand in 

a hook grip, which ensured sufficient space for moving the handheld scanner around the 

subject. This process was repeated 2 times due to subject movement during scanning. The 

resulting model was exported in STL (Standard Tessellation Language) format as a basis 

for modeling the aid. The resulting STL model had to be modified, as the movement dur-

ing scanning caused deformations of the 3D model around the arm, the proximal and 

lateral sides of which were slightly displaced relative to each other (Fig. 2). 

 

                       
                (a)     (b)                              (c)                       

Figure 2. Scan of the upper extremity; (a) dorsal, (b) palmar, (c) radial view 

 

After creating a digital positive, its subsequent adjustments were performed in the 

freely downloadable CAD software Autodesk Meshmixer (Autodesk, Inc., San Rafael, 

CA, USA), which contains functions for editing 3D models necessary for the creation of 

orthotic-prosthetic aids. 

The surface of the distal part of the shoulder, forearm, and proximal part of the wrist 

from the obtained 3D model of the pathological hand was used to create the orthosis. This 

area had to be separated and extruded, to obtain a 3D shape of the orthosis, which copied 

the anatomical surface of the palmar and dorsal side of the deformed hand, leaving space 

for fitting the orthosis along the entire arm and forearm. To ensure sufficient strength of 

the orthosis, a thickness of 3 mm was chosen. The design of the device was supplemented 
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with a pattern of holes on the entire surface, which will ensure weight reduction and max-

imize the breathability of the prosthetic device. The attachment to the upper limb was 

ensured by modeled attachments in the SolidWorks program (Dassault Systemes, Wal-

tham, USA), which are used to put on the Velcro straps. [4]   

 

Figure 3. Final 3D model of the personalized orthosis. 

A 3D printer type MJF (Multi Jet Fusion) HP Jet Fusion 5200 3D printer (Hewlett 

Packard, California, USA) was used to produce the orthosis. The MJF printing process 

consists of applying a layer of powder to the top of the assembly using a roller. The thick-

ness of each layer is approximately 80 microns. Subsequently, fixing, and detailing agents 

are applied, and the entire layer is exposed to infrared light. The fixing agent determines 

which places in the layer are connected, and the detailing agent ensures sharp and smooth 

edges by limiting the adhesion of the powder near the print surface. 214.53 cm3 of bio-

compatible material PA12 (Polyamide) was used to produce the device (Tab. 1). 

Table 1. Parameters of the model with a price MJF printed orthosis. 

Model Dimensions 29.75 x 23.49 x 14.72 cm 

Material Volume 214.53 cm3 

Price1 115,79 € 
1 According to www.hp3dprint.eu 

3. Results 

The final orthosis was sufficiently tight, functional, and comfortable. It corresponded 

to the morphological shape of the upper limb and sufficiently immobilized the upper limb 

in a flexed position. 

  

(a) (b) 

Figure 2. Final orthosis manufactured by MJF technology; (a) before postprocessing, (b) after postprocessing on the sub-

ject´s arm. 
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4. Discussion 

The process of designing and manufacturing the orthosis using innovative additive 

technology begins with scanning the patient in the desired position. In this case, the scan 

took about 10 minutes precisely because of the movement of the subject. The editing of 

the exported STL file together with the CAD modeling of the orthosis took approximately 

60 minutes. However, the duration of scanning and modeling is closely related to the skills 

of the orthopedic technician and the patient's condition, but programmable modeling 

tools have been developed that reduce the amount of manual CAD operations required, 

simplify the modeling process for clinicians, and alleviate the need for complex operations 

or extensive training. The manufactured orthosis can be fixed or removed as needed, 

which is an advantage mainly from a hygienic and rehabilitation point of view. The ap-

plication of the orthosis should be after the maximum swelling, which usually occurs 

three to five days after the injury, which gives room for the manufacture of the orthosis 

with additive technology. [5-6] 

5. Conclusions 

Over the past decade, 3D printed orthotics have made significant advances due to 

their light weight, relatively low cost, rapid production, and ease of customization. Cur-

rently, there are still few publications on the treatment of upper limb fractures in children 

using 3D printed orthoses. Guida et al. developed a protocol to produce custom-made, 3D 

printed orthoses in a hospital setting [7-8]. According to the study, eighteen children were 

successfully treated with a 3D printed orthosis with high patient satisfaction. [9-10] 

The aim of the work was to design and manufacture a personalized forearm orthosis 

for a subject with multiple fractures using progressive methods. When scanning the sub-

ject, it was necessary to consider the soreness of the upper limb during mobility, which 

was limited to a minimum through the assistance of a second person. It was also neces-

sary, from a time point of view, to take care of the fastest possible procedure of designing 

and manufacturing the orthosis due to the need for an aid after surgery. 

With the technologies used, the entire process from obtaining anthropometric data 

to testing the orthosis took 3 days. After printing, color was applied to the orthosis accord-

ing to the wishes of the pediatric subject, which also contributed to a psychologically bet-

ter tolerance of the necessity of wearing the orthosis. The purpose of further research is to 

compare upper limb orthoses made by different types of additive technology and at the 

same time price comparison. It would also be possible to create an accurate design of the 

methodology to produce functional low-cost 3D printed orthoses. 
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Abstract: Composite materials are increasingly being applied in the industry in many tech-

nical fields. They are mainly used when it is necessary to reduce the price and weight of 

the final product while maintaining its original mechanical properties. In numerical anal-

ysis, the building of composite FEM model is significantly difficult. If it is not necessary 

to investigate the deformation of the individual fibers and layers of the composite, ho-

mogenization is a suitable tool for describing the composite from a macroscopic point of 

view. In this work a composite with epoxy matrix reinforced with discontinuous short 

glass fibers is homogenized using representative volume element and Mori-Tanaka 

method. The cube-shaped RVE and the same cube-shaped model with a defined homog-

enized material model with proposed material properties by Mori-Tanaka method is sub-

jected to the tensile loading. The aim of this work is to validate and correlate the simula-

tion results for these composite homogenized by two different homogenization methods. 

Keywords: Composite; FEM; Representative volume element (RVE); Mean-field homogenization 

Mori-Tanaka method. 

 

1. Introduction 

A composite is a heterogeneous material that is made up of at least two or more ma-

terials [1]. A composite consists of a matrix and a reinforcement. In the matrix of the com-

posite, the reinforcements may be layered on top of each other at different angles. The 

composite may be reinforced with small particles, discontinuous fibers or continuous fi-

bers. Thus composites can be classified into discontinuously reinforced or continuously 

reinforced (see Figure 1).  

 

 
Figure 1. Composite material. 
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Both the matrix and the individual layers of the composite have different material 

properties. The aim of homogenization is to determine such material properties that de-

scribe the relationship between microstructure and the macroscopic response of a compo-

site material. In other words, homogenization allows to create from a heterogeneous com-

posite material an "equivalent" homogeneous material to solve global and macroscopic 

problems. The disadvantage of homogenization is the loss of local stress fields in the lay-

ers of the composite, where plastic deformation and failure of layer integrity can occur. 

The above-mentioned characteristic of homogenization is illustrated in Figure 2, where it 

can be seen that the homogenization of the composite results in a material model that 

describes the global deformation with sufficient accuracy. The results of strain and dis-

placement would be approximately the same for both models. 

 
Figure 2. Homogenization of composite. 

 

There are many homogenization methods but among the most used and imple-

mented by researchers around the world is the so-called mean-field homogenization and 

multi-scale homogenization which is based on the approaches of the finite element 

method. Mean-field homogenization is an effective tool for describing and predicting the 

behaviour of heterogeneous material. This method was established for the description of 

a linear elastic region but over time new techniques have been developed that allow to 

describe also the elasto-plastic region even the visco-plastic region. The range of mean-

field homogenization extends from the simplest stress-strain hypotheses, where no ana-

lytical solution is required on the associated boundary-value problem (Voigt and Reuss 

estimates), to more complex geometric models based on the solution of a boundary value 

problem (self-consistent schemes). The concept of a representative volume element is re-

lated to the concept of microhomogeneity, i.e. homogeneous properties of a heterogene-

ous material at the microscopic level. However, the microstructure of a heterogeneous 

composite is in many cases very complex and random. Therefore, a necessary condition 

for defining a representative volume element is that this element is created from a statis-

tically representative region from the composite material. This means that the RVE must 

contain as many heterogeneities as possible from the given composite [2,3]. 

The homogenization of composite materials is being studied by researchers around 

the world, resulting in papers comparing different homogenization techniques and 

methods for investigating composites in both the elastic and plastic regions [4,5].  

The prediction of the stress-strain response in a composite material from a macros-

copic point of view is closely related to the description of its complex microstructural be-

haviour [6,7]. Riecky et al. [8] in their work dealt with micromechanical modelling of com-

posites. The goal was to determine the elastic properties of the homogenized material. The 

composite consisted of an epoxy matrix reinforced with carbon, glass and kevlar fibers. A 

three-dimensional representative volume element (RVE) of the polymer matrix was mod-

elled using the finite element method (FEM). MATLAB and ANSYS software were used 

to homogenize the composite plate. The direct homogenization method was used. This 

method is based on the volumetric average of the stresses in the RVE. As a result of their 

study, the elastic properties of the homogenized composite were calculated. 

RVE homogenization and mean-field homogenization using the Mori-Tanaka 

method in elasto-plastic deformation are being investigated by scientists all over the 

world and it is still a very actual and interesting field of research [9-14]. 
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2. Homogenization and simulation of composite material 

A cube-shaped model with a 1 mm long edge i.e. with volume of 1 mm3 was result 

of RVE homogenization method. This model consisted of pure epoxy resin and randomly 

generated discontinuous short glass fibers in the x-axis direction with volume fraction (Vf) 

of 0.166 (see Figure 3a). The RVE model consisted of 238 985 solid tetra elements and two 

material cards, one for inclusions and one for matrix. The homogenized material model 

(see Figure 3b) created by mean-field homogenization with the efficient material proper-

ties proposed by the Mori-Tanaka method is applied to the same size cube-shaped model. 

It is consisted of 230 521 solid tetra elements. 

 

 
Figure 3. a) RVE model; b) Model with homogenized material. 

 

The material properties of the transversely isotropic RVE are shown in Table 1. 
 

Table 1. The material properties of the components of transversely isotropic material. 

Material properties E [MPa] υ [-] 
ρ 

 [kg.m3] 

G 

[MPa] 

Epoxy resin 3400 0.3 1100 - 

Glass fibers 85 000 0.22 2460 30 974.6 

 

The material properties of homogenized composite determined by Mori-Tanaka 

method are shown in Table 2. 

 
Table 2. Efficient material properties of homogenized material proposed by Mori-Tanaka method. 

Material properties 
ρ 

 [kg.m3] 

E1  

[MPa] 

E2, E3  

[MPa] 

υ12, υ13  

[-] 

υ23  

[-] 

G12, G13 

 [MPa] 

G23  

[MPa] 

Homogenized material 1461.4 10605.95 4608.43 0.29 0.36 1794.47 1689.27 

 

The boundary conditions (see Figure 4) were identical for both models. A kinematic 

coupling was used, which tied all nodes on the cube surface to a reference point at which 

a displacement of 0.01 mm was defined. The kinematic coupling reinforces the entire sur-

face of the cube so that there is no torsion or bending on the surface. In other words all 

points tied by the kinematic coupling are displaced in the same way as the reference point. 
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Figure 4. Boundary conditions for simulations. 

3. Results and discussion 

At the defined displacement the reaction force was measured. This force was neces-

sary to be included in the relation to calculate the Young's modulus of elasticity. Figure 5 

shows the displacement field in the x-axis direction and it is possible to see similarly dis-

tributed displacement field for both models. The maximum displacement is 0.01 mm as 

was set in simulation. The reaction force that was caused by this displacement had a value 

of 91.79 N for the RVE and 108.2 N for the Mori-Tanaka model. 
 

 

Figure 5. Displacement field of: a) RVE model; b) Mori_Tanaka model. 

 

Young’s modulus of RVE is 9179 MPa and 10 820 MPa of Mori-Tanaka model. The 

Young's modulus results are slightly different. It is difficult to specify what caused this 

difference in results. One possibility is that the composite was reinforced with randomly 

generated discontinuous fibers, which caused a significant complication in homogenizing 

the material. It is reasonable to think that if the composite had been reinforced with regu-

larly aligned continuous fibers the results of both homogenizations would have been 

much more accurate and thus the difference between the results would have been either 

very small or none. 
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4. Conclusion 

The goal of this paper was to homogenize the composite material by two different 

homogenization methods and to compare the results of Young's modulus. The obtained 

results shows that both homogenization methods were able to homogenize the composite 

approximately equally. However, it cannot be stated whether this composite is homoge-

nized correctly, as this study was purely numerical and no real samples of the composite 

material were observed experimentally. This means that the results from the numerical 

analysis are not experimentally verified and so their correctness cannot be unequivocally 

confirmed. Homogenization is based on an approximate estimation of material properties 

and should be compared with experimental results. 
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Abstract: The article is focused on the assessment of psychoacoustic parameters in the interior of 

selected types of vehicles. Measurements were made on vehicles with gasoline, diesel and electric 

engines. Five psychoacoustic parameters were measured and a psychoacoustic head was used for 

the measurement. The measurements were carried out at different speeds and the measured values 

were processed and evaluated. The measurements showed the effect of motorization and car speed 

on selected psychoacoustic parameters. They also showed that the electric car achieved the lowest 

values of the evaluated parameters in most cases. 
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1. Introduction 

Different types of vehicle powertrains have different effects on the environment. In 

addition to the positive aspects of transport, one can also observe the negative impact of 

the development of motoring, mainly in connection with the production of more emis-

sions and the generation of sound, or noise, which significantly negatively affects the en-

vironment, the health of the car crew, but also the health of the population in general. 

2. Psychoacoustics as a tool for creating acoustic design of cars 

Psychoacoustics, as a relatively new field of acoustics, deals with the subjective per-

ception of sound, its effect on a person and the analysis of its possible effects. A significant 

area of psychoacoustics is the so-called experimental psychoacoustics, in which the sub-

jective reaction of a person to the investigated sound is evaluated. 

One of the practical applications of psychoacoustics is the evaluation of sound qual-

ity. Driving comfort in cars is currently becoming an important demand of customers 

[1][2]. 

Marketing studies have shown that customers pay close attention to sound quality 

not only in situations where sound is the primary object of interest, but also when sound 

is only a side effect of the product's operation [3]. 

Sound quality assessment is carried out in two ways, which can be classified into two 

categories: 

• subjective psychoacoustic assessment methods, 

• objective psychoacoustic assessment methods. 

Subjective psychoacoustic methods 
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There are several ways to implement the sound quality evaluation process, from for-

mal evaluation to informal listening of the recording (listening, respectively listen-

ing).[1][4][5] 

 

Psychoacoustic methods can include: 

• classic psychoacoustic methods, 

• scaling psychoacoustic methods, 

• adaptive psychoacoustic methods. 

 

Objective psychoacoustic methods  

In recent times, for the purposes of psychoacoustic measurements, technical means 

have also been increasingly promoted. They are highly sophisticated systems, developed 

to measure selected psychoacoustic parameters with highly specialized software support. 

Perceiving sound through two ears is called binaural hearing. It is the ability to hear 

sounds from the left ear and the right ear in parallel and the ability to locate the direction 

of the incoming sound. This type of hearing strongly depends on the geometric parame-

ters of the human body (ears, head and trunk). Important and highly effective technical 

means for measuring psychoacoustic parameters include the so-called "artificial head" (or 

psychoacoustic head) (Fig. 1). It is an identical form with a human head. The psychoa-

coustic head has two microphones that are installed in the ears. It is characterized by the 

same acoustic and auditory properties as the human head. The goal is to achieve a state 

so that the evaluator of the quality of the sound event, who listens to the sound recordings 

obtained from the psychoacoustic headset, has the impression that he is part of the space 

of the acoustic event [1][6][7][8]. 

 

Figure 1 Examples of making psychoacoustic heads 

3. Measurement of selected psychoacoustic parameters in the car interior 

The aim of the measurements performed using a binaural measuring device, the so-

called of the psychoacoustic head was to determine the values of selected psychoacoustic 

parameters under the conditions of different car speeds when using gasoline, diesel and 

electric car drives. For the needs of the research, the psychoacoustic parameters loudness 

(N), sharpness (S), roughness (R), tonality (T) and strength of fluctuation were selected, 

which were measured and subsequently evaluated using sound signals. For the purposes 

of the psychoacoustic experiment, sound signals obtained at speeds of 50 km/h, 90 km/h, 

110 km/h and 130 km/h were used. 

The subject of the research were three passenger cars of the same brand, same model, 

but with different engines (gasoline, diesel, electric). Specifically, it is the Volkswagen Golf 

Edition Highline 1.5 TSI ACT 6G – 110 kW/150 hp, the Volkswagen Golf 2.0 TDI – 100 

kW/150 hp and the Volkswagen eGolf – 100 kW/136 hp. 

For the purpose of measuring selected psychoacoustic parameters, a binaural meas-

uring apparatus (psychoacoustic head) with a recording unit, a two-channel binaural 
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equalizer BEQ II and a laptop with the appropriate software equipment ArtemiS (Ad-

vanced Research Technology for Measurement and Investigation of Sound and Vibration) 

was used. 

As part of the psychoacoustic experiment, measurements of selected psychoacoustic 

parameters were carried out on VW Golf diesel, VW Golf petrol and VW eGolf electric 

vehicles. The psychoacoustic head was placed in the interior of the vehicle in the position 

of the passenger on the front seat. The location of the psychoacoustic head in the tested 

vehicles is shown in Fig. 2. 

 

Figure 2 Placement of the psychoacoustic head in the vehicle 

Measurements of selected psychoacoustic parameters (sharpness, harshness, tonal-

ity, loudness and power of oscillation) were carried out at steady speeds (50 km/h, 90 

km/h, 110 km/h and 130 km/h) on the R4 expressway Košice - Milhošť. The audio record-

ings obtained were processed, unwanted and random ambient sounds (e.g. passing 

nearby cars, etc.) were removed. Monitored psychoacoustic parameters were determined 

using the evaluation software ArtemiS. 

4. Results of measurements 

 

Figure 3 Dependence of sharpness on vehicle speed 

Based on the results obtained from the performed sound measurements, it can be 

concluded that the psychoacoustic parameter "sharpness" with increasing speed tends to 

grow almost linearly for all types of motorization. A certain anomaly is that the sharpness 
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parameter at a speed of 130 km/h. has a decreasing tendency. When using a gasoline en-

gine, the graph shows that the sharpness value is mostly higher for all speeds with a gas-

oline engine up to a speed of 130 km/h, when the highest sharpness value was measured 

with an electric motor. The sharpness values of the diesel engine constantly move between 

the sharpness values for gasoline and electric motors (Fig. 3). 

 

Figure 4 Dependence of roughness on vehicle speed 

Based on the obtained results from the measurement of the psychoacoustic parame-

ter "roughness", it can be concluded that this parameter has a growing tendency for all 

types of motorization with increasing speed. This fact applies up to a speed of 110 km/h. 

The highest roughness value can be observed for the diesel engine, lower for the gasoline 

engine. And the lowest for an electric motor. At a speed of 130 km/h. however, the order 

changes and the gasoline engine shows the smallest sharpness value, the diesel engine the 

lowest, and the electric engine the lowest (Fig. 4). 

 

Figure 5 Dependence of tonality on vehicle speed 

Measurements of the psychoacoustic parameter "tonality" have shown that the tonal-

ity of a car with a diesel engine reaches the highest values at lower speeds. Subsequently, 

it tends to gradually decrease at higher speeds from 130 km/h. rise again. In the case of 

the gasoline engine, the lowest tonality value was found at a speed of 90 km/h. The highest 

value of the monitored parameter was found at a speed of 110 km/h. with increasing 
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speed, the tonality tended to decrease. In a car with an electric drive, the psychoacoustic 

parameter tonality increases at lower speeds, decreases with increasing speed, and is al-

most constant at higher speeds (Fig. 5). 

 

Figure 6 Dependence of loudness on vehicle speed 

Based on the sound measurements of cars with different engines, it can be concluded 

that the psychoacoustic parameter "volume" increases linearly with increasing speed in 

the case of all three drives. At lower speeds, the highest values are achieved by the diesel 

engine, lower values by the gasoline engine and the lowest by the electric engine. At 

higher speeds, the psychoacoustic parameter volume is almost the same for diesel and 

gasoline engines. With electric motorization, the volume value is lower. At speeds from 

130 km/h. the volume rises in the case of petrol engine (it is the highest). Lower values are 

achieved by the diesel motorization and the lowest values by the electric motorization 

(Fig. 6). 

 

Figure 7 Dependence of strength of fluctuation on vehicle speed 

The results of measurements of the psychoacoustic parameter " strength of fluctua-

tion " proved that the observed parameter in the case of gasoline engines is stable and 
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almost constant. In the case of a diesel engine, the parameter at a speed of 90 km/h. de-

creases and subsequently increases linearly with increasing speed. In the case of electric 

motorization, the monitored parameter rises again with increasing speed. After reaching 

a speed of approximately 90 km/h. the monitored parameter has a linear decreasing ten-

dency (Fig. 7). 

Conclusion 

On the basis of the presented results, it can be concluded that the values of the psy-

choacoustic parameters are influenced by the speed of the vehicle as well as the motori-

zation of the vehicle. For most parameters, the values of psychoacoustic parameters in-

crease with increasing speed. However, from the motorization point of view, it affects 

individual parameters differently and at different speeds. From the point of view of mo-

torization, a direct proportionality between motorization and the values of psychoacous-

tic parameters is not visible. 
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Abstract: The paper is devoted to ergonomic assessment of physical load during the work 

and is based on the current issue of frequent occurrence of injuries of the support and 

movement system due to inappropriate movements and positions at work, which has a 

consequent impact on the employee and also on the society as a whole. Many methods are 

currently used to measure and evaluate workload, which must take into account the spe-

cific type of work to be evaluated. An example of a suitable system for addressing the 

possibility of workload assessment is the CAPTIV system. However, when trying to set 

the right thresholds to meet our standards, we found that Decree 542/2007 Coll. and STN 

EN 1005-4+A1, which are applicable in our territory, do not correspond in the area of 

workload assessment with regard to risk positions. 

Keywords: ergonomics, workload, standard 

 

1. Introduction 

The increasing pace of work and the ever-increasing demands on workers are leading to 

higher rates of accidents and sick leave due to disproportionate body strain. Musculoskel-

etal disorders (MSDs) have become a phenomenon in this area in recent years. A significant 

contributing factor is that workers are often placed in positions requiring monotonous, 

unilateral movements, cyclical loading of the same body segments, or work in unnatural 

or loading positions. However, as technologies and techniques develop and advance, the 

possibilities for measuring and evaluating workload are also improving, which should 

lead to improved safety and the development of appropriate protective work equipment 

to help reduce the effects of workload on the human body and health, as well as to assist 

in planning the correct workplace layout or training of workers.  
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2. Current Status of the Issue 

The latest surveys and statistics on occupational diseases in the territory of Slovakia for the 

year 2021 show an upward trend in the incidence of occupational diseases. Compared to 

2020, an increase in the number of occupational diseases by 169 cases was recorded. The 

total number of detected cases for 2021 is 423. The most frequently occurring type of dis-

ease was just a disease of the support and musculoskeletal system, which was recorded in 

175 patients, representing more than 41.3%. This is followed by infectious diseases, vibra-

tion sickness and hearing disorders [1].  

Occupational diseases were most common in health care workers, specifically in 163 cases, 

which is a significant proportion compared to other industries. The other unspecified man-

ufacturing industry ranked second with 38, followed by manufacture of fabricated metal 

structures except machinery and equipment and manufacture of motor vehicles, trailers 

and semi-trailers, with an identical number of 37 workers with an occupational disease.  

According to the NCZI, occupational diseases in 2021 occurred mostly in the 50-59 age 

group [1]. 

These statistics prove that the increase in the incidence of work-related injuries to the mus-

culoskeletal system is a hot topic that not only impacts the health of employees, but ulti-

mately affects the economy, operations and productivity of the plant itself, as well as im-

pacting the overall economy of the state. Therefore, we consider it important to ensure that 

suitable working conditions are provided, with the correct assessment of the workload and 

working positions being necessary.  

3. Workload Measurement and Assessment 

Various tools, systems, scales and standards are currently used for ergonomic workload 

assessment. Most rating scales and standards are based on long-term research that estab-

lishes appropriate working body positions. However, these are not the only aspects influ-

encing the development of MSDs.  

MSDs usually arise as a result of the interaction of multiple factors over time. The influ-

encing factors can be divided into physical, biomechanical and also organisational, psy-

chosocial. The first group includes the aforementioned uncomfortable, incorrect positions, 

repetitive movements at work, handling of loads, the influence of vibrations, light and en-

vironmental temperature. The category of organisational and psychosocial risk factors is 

made up of high work demands, high work pace, long shifts and lack of breaks, discrimi-

nation and poor workplace relations, as well as low job satisfaction. All of these factors 

work together with the employee's medical and physical history, physical endurance and 

lifestyle to create a risk of developing a musculoskeletal disorder [2].  

For the measurement and ergonomic assessment of workload, various types of equipment, 

systems and rating scales are used in practice, which allow the determination of correct, 

conditionally acceptable and unacceptable positions, or by means of software processing, 

it is also possible to determine the percentage of time spent in the given positions, thus 

obtaining a graphical evaluation of the measurement. The methods used for MSDs assess-

ment can be divided into 3 groups, namely direct, semi-direct and indirect. Direct methods 

are those that use different types of sensors for measurement. Semi-direct methods use 
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assessment by computer programs, but based on video recordings and photographs. Indi-

rect methods refer to various forms of questionnaires [3].  

A typical indirect method is the Nordic Questionnaire, which is based on the worker's 

subjective answers regarding his/her work and problems with individual body segments. 

This is a frequently used method. Semi-direct methods can be e.g. RULA, REBA, OWAS, 

etc., which are based on standardized scales and require video or photographs for evalua-

tion [4]. An example of a direct method is the CAPTIV system, which allows the applica-

tion of sensors directly on the body of the observed subject and allows the subsequent 

processing of the measured data into graphical form. The development of new systems is 

moving towards the use of wireless sensing systems, interfaced with appropriate software 

for processing and evaluation of the measurements. In addition to TEA CAPTIV, compa-

nies such as Xsens, VelocityEHS Industrial Ergonomics or EWI works, which has even de-

veloped a system that enables the assessment of movement and posture remotely, offer 

ergonomic systems for the assessment of movement. It is sufficient to take a video and then 

send it to the software, which evaluates the movements according to set standards [5-7]. 

4. CAPTIV 

The CAPTIV system is a multisensory system that allows the measurement of various pa-

rameters necessary for ergonomic workload assessment. For the purpose of measurement 

in our department we have chosen to measure movements and postures at work, we will 

also work with EMG sensors and also with ECG sensors. TEA CAPTIV T-SENS MOTION 

sensors were used for the measurements that have been performed so far in the depart-

ment. The course of the measurements and the results were published in paper [8].  

These sensors belong to the group of M-IMU sensors. It is an inertial measurement unit 

which is extended by a magnetometer. Using these devices we can estimate both transla-

tional and rotational motions. Conventional IMUs contain a gyroscope and an accelerom-

eter for measuring angular velocity and acceleration. However, it is typical for gyroscopes 

to drift, which causes measurement errors. The combination with a magnetometer is used 

precisely for the purpose of compensating for drift and thus for refining the measurement 

results. However, for M-IMU sensors, careful control of the surrounding environment is 

necessary to ensure that no ferromagnetic materials are present near the measurement site 

that cause signal interference. Fusion algorithms are used for accurate estimation of the 

position and motion of the body in space [9].  

 



Novus Scientia 2023  
 

208 

 

 

Figure 1: Graphical evaluation of the percentage of working positions using the CAPTIV system. Green indicates a correct position, yellow a 

conditionally acceptable position and red an unacceptable position that is directly associated with the risk of MSDs and therefore correction of 

this position is required [10] 

 

5. Assessment of Parameters Obtained Using the CAPTIV System and Differences in 

Applicable Standards 

The CAPTIV software itself is used to evaluate the parameters obtained by the TEA CAP-

TIV T-SENS MOTION sensors, which have pre-built threshold values for conditionally 

acceptable and unacceptable positions at work. As the values are pre-set to be subject to 

the standards in force in the territory of France - AFNOR and INRIS - the software allows 

the limit values to be changed to be subject to the standards and legislation in force in the 

specific country where the measurements are carried out and evaluated. However, we 

have encountered an obstacle in this area of work in the form of disagreements on stand-

ards. The European standard STN EN 1005-4+A1 and the decree 542/2007 Coll. are valid 

in Slovakia. Both of these standards set the limit values of positions at work, but they differ 

in many parameters and also in the starting positions, from which the subsequent deter-

mination of the ranges of movements is based. Thus, the question arises as to which stand-

ard should be followed when evaluating workload measurements so that these evalua-

tions are correct and therefore publishable and usable for practical application [11,12]. We 

also compared these standards with the CAPTIV system preset values. These also differ in 

most parameters. 

A significant difference occurs in the assessment of head and neck forward bending, where 

Decree 542/2007 sets 25° as the limiting angle, STN EN 1005-4+A1 sets the limit at 40°, while 

CAPTIV considers 30° as the limit. Similarly, differences in the range of 5-10° arise in the 

assessment of side bend. Interestingly, STN EN 1005-4+A1, unlike the decree, does not 

mention the concept of backward bend [11,12].  
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Agreement arises in the assessment of unacceptable positions for static work in the trunk 

area, where both standards refer to a 60° angle as the limiting angle of forward bend. When 

determining conditionally acceptable positions, the standards agree in several parameters; 

CAPTIV has deviations in most positions [11,12]. 

Regarding the assessment of upper and lower limb positions, it can be deduced that the 

standards do not agree in the style of assessment; for the lower limb area even STN EN 

1005-4+A1 does not provide a specific assessment. In this respect, the CPATIV is a more 

reliable assessment tool as it can determine inappropriate positions for these segments as 

well, even with much more consideration of the biomechanics of the limbs and also the 

presence and work of the individual joints [11,12].  

Therefore, we consider it necessary to address the issue of ergonomic assessment of work-

load not only in practical terms, i.e. by measuring and specifying appropriate measures to 

minimize risks, but also in legislative terms, so that these measurements and measures are 

also covered by uniform legislation, which is based on the conducted long-term research 

and at the same time takes into account the needs of the worker and the biomechanics of 

the human body. 

 

Discussion 

Workload assessment is nowadays a very important aspect for the protection of worker's 

health and also for the support of the company's economy. For a proper assessment, a 

suitably selected tool or system and the determination of risk thresholds are necessary, 

forming the basis for the subsequent implementation of protective measures. These values 

should comply with the standards in force in the country concerned. Decree 542/2007 Coll. 

applies in the territory of the Slovak Republic, and at the same time the standard STN EN 

1005-4+A1, which delimit the hazardous working positions, but the data in these standards 

are not identical. We therefore consider it necessary to review the legislation in force, in 

accordance with the proven facts, and also taking into account human biomechanics, so as 

to ensure the protection of workers' health and also to minimise workplace risks which, 

especially with prolonged exposure, lead to damage to the body and the development of 

occupational diseases. 
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Abstract:  In this article the influence of the cutting gap on the quality of the cutting surface is 

described. In the first part, the individual parameters of electrical steel sheets given by the manu-

facturers themselves are presented. The second part of the paper is devoted to the experimental 

verification of the influence of the cutting gap on the quality of the cutting surface. The experimental 

results show that the cutting gap has a major influence on the formation of the cutting surface and 

its shape. It also influences the actual hardening of the material during cutting and the distribution 

of the individual zones on the cutting surface. In the experimental part of this work, the results of 

the shear zone size, which is one of the main parameters for evaluating the quality of the cutting 

surface, are recorded. It is characterized as the ratio of the shear zone height to the fracture zone 

height. Cutting materials in a tool with a cutting gap of 3% of the material thickness results in a 

reduction in the size of the shear zone, especially for materials with higher ductility values. When 

cutting sheet in a tool with a cutting gap of 5 and 7 % of the material thickness, the shear zones were 

reduced for all materials examined. 

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. 

Silicon steels are the essence of electrical appliances, and they provide the best com-

bination for electricity distribution and transmission. Desired properties of these steels are 

low magnetic losses, high permeability, and induction and low magnetostriction. Low 

magnetic losses reduce heat generation and power consumption, a high permeability and 

induction result in reduced size and mass of the parts, and low magnetostriction decreases 

the noise (manifested as buzzing) in transformers and large capacity machines. [1] 

The silicon content increases the electrical resistance, reduces the electrical losses 

caused by eddy currents and magnetic hysteresis. Alloys of iron and silicon, characterized 

as magnetic hard, are used for transformer sheets, while for dynamo sheets, materials 

characterized as magnetic soft are used. These are characterized by a simple change in the 

direction of magnetization and low energy losses associated with remagnetization. 
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Recently, sheet metal has been extensively used in various industries such as elec-

tronics, automotive, aerospace, etc. Most commonly, shearing is used as the primary pro-

cess to reduce the rolled sheet to a shape as close as possible to the desired product shape. 

Other manufacturing processes must be used to achieve the final shape of the product. In 

most cases, the most accurate dimensions and the shortest product manufacturing process 

are required, which has a favorable impact on the production costs and the usability of 

the product. During the shearing process, unwanted burr formation occurs on the shear-

ing surfaces. The aim of every manufacturer is to produce semi-finished products with as 

few burrs as possible. [2] 

Nowadays, the industry places various demands on components created by shear-

ing. One of them is the requirement of a burr-free cutting edge, which allows better pro-

cessing of components with a more economical result in the work process and their safer 

handling. Efforts are therefore being made to reduce burr formation to avoid subsequent 

deburring. Currently, this process is carried out in a further component processing step 

such as mechanical deburring [3], belt grinding [4], sliding surface grinding [5], or burr 

pressing [6]. Material removal during the shearing process results in lower dimensional 

accuracy [7]. All these additional technical processes are labor, time and cost intensive. 

The shear cutting process is one of the most economical separation processes since it 

combines high production rates with low costs. The quality of the shear cut edge depends 

on the material properties, material thickness, die clearance, cutting edge radius, tool wear 

and shear cutting strategy. [8] 

In general, the shearing surface of the materials that have undergone shear defor-

mation due to the compressive stress of punch and die are composed of 4 parts: rollover, 

burnish zone, fracture zone and burr. An ideal shearing surface is created by 100% of the 

burnish zone, and without rollover, fracture zone or burr. At the beginning of the shearing 

process, elastic and plastic deformations usually occur, which subsequently produce roll-

over and burr. Burr after shearing process is the plastic deformity, which remains on the 

surface and lowers the products quality by influencing roughness and accuracy. In addi-

tion, burrs on the surface of inside or outside cut-outs can affect negatively to the cost 

efficiency of products and the safety of the workers. [9] 

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 

Samples Embraco 

designation 

Dimension 

[mm] 

Sheet thickness 

[mm] 

Presence of 

coating Y/N 

A T.K. 037 M660-

50K S5H Tökölt 

1070x1050 0,50 Y 

B V.A. 036 S1S- 

IS450- 50K HE 

1380x1050 0,50 Y 

C A.M. 036 S1S 

M450-50K 

1130x1150 0,50 Y 

D 034 USS S3S- 

M350-50A 

880x1060 0,50 N 

E T.K 033 S1S- 

M450- 50PP 

1050x1110 0,50 N 

 



Novus Scientia 2023  
 

213 

 

Electrical sheets were characterized (table 2) by a thickness of 0.5 mm, hardness at 

the level of 60 to 90 HRB, density at 7.65 to 7.85 g / cm3, tensile strength 380 to 620 N / mm2 

and an elongation of 10 to 25%. 

Table 2. Characteristics of materials 

 

Material 

designation 

 

Sheet 

thickness 

[mm] 

 

Hardness 

HBR 

 

Density 

[g/cm3] 

Rolling direction 

characteristics 

Tensile 

strength 

[N/mm2] 

Elongation 

[%] 

S1S 0,50 65-85 7,75 380-550 10-20 

S3S 0,50 75-90 7,65 520-620 10-20 

S5H 0,50 60-80 7,85 380-490 10-25 

 

The largest producers of electrical steel in Europe are ThyssenKrupp Bochum, 

Arcelor Mittal Luxemburg, VoestAlpine Austria, Wälzholz Hagen. As for the Asian pro-

ducers operating on the European market, they are BaoSteel, WuGan and TaiYuan. 

The reason for the chemical analysis (tab.3 - 7) was to make sure that the delivered 

semi-finished products had the same chemical composition as the one declared by the 

manufacturer for the semi-finished products 

 

Table 3. Chemical composition of M660-50K steel in % 

C Mn Si P S Al Cu Ni Cr As Ti V 

0.0042 0.339 0,171 0.088 0.0014 0.145 0.014 0.025 0.042 <0.001 0.005 <0.001 

Nb Mo Co Sn Sb W B Ca Zr N2 O2 Als 

<0.002 0.003 <0.002 <0.002 <0.002 <0.003 <0.0002 0.001 <0.001 0.0027 0.0036 0.144 

 

Table 4. Chemical composition of M450-50K HE steel in % 

C Mn Si P S Al Cu Ni Cr As Ti V 

0.0059 0.506 0,574 0.03 0.0036 0.418 0.01 0.01 0.019 <0.01 0.001 <0.001 

Nb Mo Co Sn Sb W B Ca Zr N2 O2 Als 

<0.02 <0.02 <0.02 0.02 <0.002 <0.03 <0.002 <0.002 <0.001 0.002 0.004 0.416 

 

Table 5. Chemical composition of M450-50K steel in % 

C Mn Si P S Al Cu Ni Cr As Ti V 

0.0026 0.609 0.148 0.089 0.0074 0.117 0.017 0.021 0.028 <0.001 0.001 0.001 

Nb Mo Co Sn Sb W B Ca Zr N2 O2 Als 

<0.002 <0.002 <0.002 <0.002 <0.002 <0.003 0.0002 <0.0002 <0.001 0.0024 0.0021 0.115 



Novus Scientia 2023  
 

214 

 

Table 6. Chemical composition of M350-50A steel in % 

C Mn Si P S Al Cu Ni Cr As Ti V 

0.0023 0.268 2.419 0.014 0.0054 0.388 0.014 0.006 0.022 <0.001 <0.001 <0.001 

Nb Mo Co Sn Sb W B Ca Zr N2 O2 Als 

<0.002 <0.002 <0.002 <0.02 0.056 <0.003 <0.002 <0.002 <0.01 0.002 0.002 0.387 

 

Table 7. Chemical composition of M450-50PP steel in % 

C Mn Si P S Al Cu Ni Cr As Ti V 

0.003 0.209 1.630 0.046 0.001 0.138 0.013 0.018 0.030 <0.001 0.002 <0.001 

Nb Mo Co Sn Sb W B Ca Zr N2 O2 Als 

<0.002 <0.002 <0.002 <0.002 <0.002 <0.003 0.0002 0.0002 <0.001 0.0056 0.006 0.136 

 

3. Cutting tool and cutting process 

Rotating electrical machines are characterized by the variability of the magnetic in-

duction flux. For this reason, the sheets used for their production must be isotropic. The 

material of stator and rotor made from electrical sheets should have an isotropic structure 

after final processing. However, the plastic deformation accompanying the cutting pro-

cess worsens the magnetic properties of the finished electrical sheet products. The pro-

duction of rotors by cutting electrical sheets is therefore always accompanied by the oc-

currence of an area with other magnetic properties. 

A burr is formed (figure 1), the formation of which cannot be prevented during the 

cutting of electrical sheets, therefore the plates for the rotors and stators are sometimes 

subjected to an additional deburring operation. The influence of burr on the blades of 

rotors and stators, on the output characteristics of the electric motor is unfavorable. 

 

 
Figure 1: Schematic of the cutting process and different zones of the cutting edge 

During winding of the coil and during electric motor operation, the insulation may 

be broken, the winding may be short-circuited, and the rotor of the electric motor may 

burn out. Then, it is necessary to cut these sheets with the smallest possible burrs, of 

course, while maintaining the conditions of economy of production. At the same time, the 

requirements for electric motors stipulate that the size of the burr of the cut sheets, for 

stators and rotors, in small and medium-sized electric motors, should not exceed 10% of 

the nominal thickness of the sheet used. [12] 
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The table 8 shows the real values of punch diameters (figure 2) at 1,3,5 and 7% cutting 

gap. The correctness of the punches dimensions was tested using a digital micrometer and 

a Zeiss industrial coordinate measuring device. 

Table 8. Parameters of the cutting gap and punches 

Cutting gap thickness to 

sheet thickness [%] 

Diameter ø of larger 

punch [mm] 

Diameter ø of smaller 

punch [mm] 

1 25,003 15,039 

3 24,983 15,019 

5 24,963 14,989 

7 24,943 14,979 

 

 
Figure 2. Punches 

For the purpose of experimental verification of shearing conditions, a shearing tool 

was developed (figure 3). The designed shearing tool is constructed as a progressive tool. 

The tool cuts in three steps. In the first step, the side lateral punch cuts and centers the 

strip of sheet metal. In the second step, a small diameter hole of 15 mm is cut. The holes 

cut out in the first step are used in the second step for the viewfinders which centre the 

strip of sheet metal. The centering of the strip of sheet metal serves to create a cut-out with 

a precise and coaxial dimension. In the third and final step, the outer diameter of 25 mm 

is cut out to form the final cut-out. 

 

 
Figure 3. Experimental cutting tool 

All components of the shearing tool (Fig. 3) except shear bars ø 15 and ø 25 mm, 

springs, guide bushings and fasteners were made from Meusburger Georg GmbH tool 

steel of designation 1.1730, DIN C 45 U, AFNOR XC 48, AISI 1045. This steel type belongs 

to the non-alloyed tool steels with good machinability, it is suitable for hardening and 

annealing, with a hardness of 58 HRC. 



Novus Scientia 2023  
 

216 

 

Steel 1.1730 contains 0.45% C, 0.30% Si, 0.70% Mn, strength reaches at 640 N/mm2. It 

is a non-alloyed flame hardened steel. This type of steel can be used in in the manufacture 

of tools and jigs such as base plates, posts and moulds. 

4. Results 

Experimental verification of the shear area by microscopic analysis was performed 

on a Keyence VHX-5000 (Figure 4). 

 
Figure 4. Digital microscope Keyence VHX-5000 

Table 6 and Figures 5, 6 show the microscopic analysis of samples A1-A7. As was 

mentioned above, the designation A is for sample from sheet M660-50K. The samples 

show the quality of the cutting surface as a function of the cutting gap (clearance). Cutting 

gaps for the purposes of for the experiment were chosen at 1,3,5,7 % of the thickness of 

the sheet. 

 
The optimal cutting gap for cutting samples from M660-50K material is at the level 

of 1%. This fact also shows 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 motors. 

Table 7 and Figures 7, 8 show the microscopic analysis of samples B1-B7. As was 

mentioned above, the designation B is for sample from sheet M450-50K HE. The samples 

show the quality of the cutting surface as a function of the cutting gap (clearance). Cutting 
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gaps for the purposes of for the experiment were chosen at 1,3,5,7 % of the thickness of 

the sheet. 

 
The ISOVAC M450-50K HE samples with a 1% shear gap showed the best parameters 

for the quality of the cutting surface based on the measurement of the microscopic analy-

sis. 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. 

Table 8 and Figures 9, 10 show the microscopic analysis of samples C1-C7. As was 

mentioned above, the designation C is for sample from sheet M450-50K. The samples 

show the quality of the cutting surface as a function of the cutting gap (clearance). Cutting 

gaps for the purposes of for the experiment were chosen at 1,3,5,7 % of the thickness of 

the sheet. 

 
As with all other observed samples, in the case of sample C-M450-50K, 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%. 

Table 9 and Figures 11, 12 show the microscopic analysis of samples D1-D7. As was 

mentioned above, the designation D is for sample from sheet M350-50A. The samples 
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show the quality of the cutting surface as a function of the cutting gap (clearance). Cutting 

gaps for the purposes of for the experiment were chosen at 1,3,5,7 % of the thickness of 

the sheet. 

 
Table 10 and Figures 13, 14 show the microscopic analysis of samples E1-E7. As was 

mentioned above, the designation E is for sample from sheet M450-50PP. The samples 

show the quality of the cutting surface as a function of the cutting gap (clearance). Cutting 

gaps for the purposes of for the experiment were chosen at 1,3,5,7 % of the thickness of 

the sheet. 

 
The 1% shear gap exhibited standard optimal conditions for the shear surface quality 

of the M450-50PP sample, where the ratio of shear zone to fracture zone was 90.52%:9.48%, 

0.4526 mm:0.0474 mm. 

The quality of the shear area is defined by its "smoothness". This non-technical term 

is the ratio of the thickness of the shear zone to the fracture zone. The larger the shear 

zone, the higher the quality of the shear surface. In terms of the characteristics and behav-

ior of electric motors, we assume that the larger the shear zone, the higher the elimination 

of undesirable phenomena such as short circuits, losses, and electric motor failures. 
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5. Conclusions 

Based on the experimental results of the influence of the cutting gap on the quality 

of the cutting surface, the following conclusions can be established: 

1) when cutting electrical steel sheets in a tool with a cutting gap of 1% of the 

material thickness neither the chemical composition nor the mechanical 

properties have any influence on the quality of the cutting surface, which is 

characterized by the size of the shear zone, 

2) cutting materials in a tool with a cutting gap of 3% of the material thickness 

results in a reduction in the size of the shear zone, especially for materials 

with higher ductility values, 

3) when cutting sheet in a tool with a cutting gap of 5 and 7 % of the material 

thickness, the shear zones were reduced for all materials examined. The larg-

est inhomogeneity of the shear zone was measured for the sheets with the 

highest ductility. In these sheets, the in-homogeneity is mainly due to the 

tearing off large grains of material during cutting. 

Based on the experiments carried out, it is recommended to use cutting tools with the 

cutting gaps in the range of 1-2 % of the material thickness for smooth cutting of circular 

cutouts from electrical steel sheets (rotors and stators of electric rotating machines). 
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Abstract: This article presents a method of Ethernet communication between control PLC and col-

laborative mechatronic system based on the secure protocol CC-Link IE Field Basic. The proposed 

method is then tested on the example of an experimental workplace with 2D visual camera system 

to test the principles of recognition, processing, and aggregation of collected image data on the ap-

plication example of an automated workplace of the "Pick & Place" type. Implemented experimental 

results demonstrate the robustness and performance of the process, a high degree of reliability, and 

low hardware requirements. 

Keywords: camera system, Pick & Place, Ethernet, Mitsubishi, protocol CC-Link IE Field Basic, com-

munication 

 

1. Introduction 

The arrival of collaborative robotics naturally also brought a new nature of requirements 

placed on communication methods to cooperate with the selected mechatronic system. 

Nowadays, however, many companies (especially SMEs) are unwilling to invest in a com-

plete reconstruction of their automated workplace, which includes the often laborious and 

expensive replacement of many peripherals. They think the automated workplace's inno-

vation or reconstruction ends with the collaborative robot deployment. The reason is 

mainly high-quality monitoring, diagnostics, and ensuring trouble-free automated oper-

ation. Subsequently, problems often arise in communication because outdated communi-

cation interfaces do not allow connection between robots, machines, or other devices Sim-

ple and application-friendly automated operations, like Pick & Place applications usually 

use only one robotic system one PLC, if the application requires it a visual camera system 

[1].   

2. Materials and Methods 

This chapter briefly describes the process that affects the proposed and tested unified (and 

partially universal) communication solution, focusing on only one specific type, Ethernet. 

Explaining all the way and possibilities would be very lengthy. In principle, we can view 

the proposed communication process from two points (from the side of the robotic system 

and the side of the PLC component) [2]. Methods of robotic system control with the par-

ticipation of an industrial PLC currently allow the implementation of complex calculation 

sequences that we can directly integrate into the control of the robotic system. At the same 

time, it is possible to choose control either through the robot's control system or by using 

a PLC [3], [4]. The hardware connection of the individual components is an essential pre-

requisite for the next steps, Fig. 1. 
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Fig. 1. Components connection 

To correctly set up the communication between the FX5U PLC system and the Melfa As-

sista robot when using the CC-Link IE Field Basic communication protocol, it is necessary 

to first enable this type of communication on the robot side. Subsequently, on the PLC 

side, we will set the range of received and sent data types in bit and word format. In the 

application we created, we attach a 2D camera sensor to the robot's effector, Fig. 2.  

 

 

Fig. 2. Attaching 2D camera sensor to the robot Melfa Assista 

When considering an object in 2D, we get the horizontal (x) and vertical (y) coordinates. 

Also, the linear rotation around its centre axis (Rz) is available [5]. It changes the object's 

angle (called 'roll'). But there's no tilt. The part remains flat, Fig. 3. 

 

Fig. 3. 2D vision principle 
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 Dimensional Accuracy Check allows image processing to determine whether geometric 

quantities (distance, diameter, or angle) comply with the specified tolerances [6]. In 

addition, it can be used for monochrome and color types of the obtained image. Object 

Counting function declares the number of the detected objects. We can recognize the values 

as surface area, circumference, compactness, or other [7]. Pixel Counting is a function that 

adds up a reference object's pixels (pixels). Tracking means tracing an object's regions 

(region, ROI: region of interest). Then, various evaluations are conducted within these 

regions [8]. 

3. Results 

This case study aims to verify the parameterization of a 2D visual camera system in coop-

eration with a collaborative robot (from MITSUBISHI) and a superior system based on a 

PLC automaton (FX5U, also from MITSUBISHI). Following the above, we will experimen-

tally test the "Pick & Place" application, Fig. 4. 

 

Fig. 4. The layout of the experimental collaborative workplace 

The algorithm uses the position of the PLC device FX5U in the Master role, while the col-

laborative robot and other peripheral devices (2D camera system, etc.) act in the Slave po-

sition. We can understand PLC as an automated workplace's connecting or connecting 

communication node, Fig. 5. Creating a functional communication link between the 2D 

visual camera system and the Mitsubishi FX5U PLC is a fundamental prerequisite for reli-

able communication. 
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Fig. 5. Algorithm for the collaborative process 

In essence, with the CC-Link IE Field basic communication protocol, we ensure the con-

nection between the PLC and external devices via Ethernet parameters (IP address, port 

number), on which the PLC should expect incoming information from the camera system. 

Since both PLC and robot are from MITSUBISHI, establishing communication between 

these devices is very easy. Here, we can observe the advantages of applications built on 

one platform. The only condition is that the devices are on the same subnet. We realize the 

recognition, processing, and aggregation of the collected image data by selecting and com-

bining the built-in functional modules of the 2D visual camera system. The sequence of 

image creation and the use of available functionalities (regarding the final goal, which is 

to obtain the coordination coordinates of the scanned object) assumes implementation in 

the form of the following steps: 

• We are starting the "trigger" function based on the instructions in the "Device Cam-

era" module to obtain image data from the captured scene of the camera system, 

Fig. 6. 

 

Fig. 6. Picture obtaining (triggering) from the camera sensor scene (area) 

• Pixel selection according to the specified parameters based on the instructions in 

the "Threshold HSV" module. This step aims to sort and display the appropriate 
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pixels in white. Pixels that do not match the set parameters are shown as black. In 

this way, we achieve the display of objects on the captured scene, Fig. 7. 

 

Fig. 7. Selection of suitable pixels from the 2D visual camera system 

• The following (logical) step for obtaining the object's coordinates is to find the co-

ordinates of the center of gravity of the scanned object. Fig. 8. 

 

Fig. 8. Data determination from obtained picture 

• The coordination coordinates processed this way are sent (in the form of output) 

directly to the PLC using the "Device TCP" module. 

The openness of the communication and sending the coordinates to the data register in the 

PLC. The data is transmitted in the form of a 16-character "String" type. This format is split 

into variables for each coordinate and transformed into the "Integer" data type. The robotic 

system then writes them into variables (mX1, mY1, mC1). After this conversion, the "Pick 

& Place" application considers the distinguished color, Fig. 9. 
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Fig. 9. Pick & place the application 

5. Conclusions 

The article aims to present the Ethernet method of communication between the control 

PLC and the collaborative mechatronic system in the application example of sorting and 

storing selected (different-colored) objects using a 2D camera system. The benefit of the 

article is the description and use of the CC-Link IE Field Basic communication protocol to 

create a seamless and efficient connection between peripheral devices of various manu-

facturers, e.g., MITSUBISHI, WENGLOR, and others. Furthermore, the presented case 

study verifies the proposed approach in the example of an experimental collaborative 

workplace. Finally, it offers a procedural scenario in the form of an algorithm for the so-

lution of similarly focused automated workplaces with the participation of a robotic sys-

tem.  
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Abstract: In past, metal materials occupied an important place in dentistry. The reason was the fa-

vourable mechanical properties, which made them unrivalled on the market at the time. After the 

application of modern materials in practice, the negative properties of metal materials began to be 

pointed out more and more. These properties include poor aesthetics, electrical and thermal con-

ductivity, patient allergies and negative impact on the environment. Other significant disad-

vantages include electrogalvanism and metal corrosion. The article will show the data measured 

from swabs of the oral cavity in patients with fixed metal-ceramic restorations. 

Keywords: metal, chrome, nickel, fixed metal-ceramic prostheses, corrosion 

 

1. Introduction 

Metals and its alloys are among the oldest materials used in dentistry. In addition to 

positive properties, this group of materials also has a number of negative properties, 

which include electrogalvanism and corrosion. The oral cavity is a complex chemical en-

vironment. Saliva, but also the acids that are created during food processing, together 

create an electrolyte into which, if we apply a metal - electrode, electrochemical corrosion 

occurs. The cause of electrochemical corrosion is a galvanic current that arises when two 

or more metals with different electrical potentials are immersed in the electrolyte. Re-

leased oxides formed during metal corrosion in contact with saliva and periodontal tis-

sues begin to release metal ions, which can have a toxic effect either locally or spread 

throughout the body. Metal ions are the cause of bleeding gums, ulcers on the oral mu-

cosa, stomatitis, redness of the tongue, distortion of taste sensations, hyperplasia of the 

gums in combination with chronic periodontitis and excessive plaque formation. As for 

the general consequences of metal corrosion, they can manifest themselves in the form of 

allergies, eczema, vision disorders, neurological disorders, gastrointestinal pathologies, 

rhinitis, pharyngitis and tinnitus. In any case, it must be remembered that there are no 

inert materials that do not corrode in the oral cavity, since any metal in contact with an-

other in a moist environment will cause an oxidation reaction. As a result of corrosion, a 

metal product can lose a number of useful technical properties. Corrosion reduces the 

strength and plasticity of the metal, damages the surface of the metal and worsens its 

electrical and other properties. Dental materials should have increased resistance to oral 

fluid and the environment that is present in the oral cavity during food intake. Corrosion 

is promoted by temperature conditions and alternating loads to which metal dental struc-

tures are exposed. [1] [2] [3] [4] [5] 

 

 

2. Problem description 

 The research was aimed at detecting the release of nickel and chromium in case of 

patients with metal-ceramic dentures. The main data on the effect of metal alloys on the 
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body, their corrosion properties and the rate of absorption of nanoparticles were obtained 

based on the results from patients who underwent a procedure called joint arthroplasty. 

General data on the toxicity, toxicokinetics and toxicodynamics of metals are not sufficient 

to understand the full impact of the contact effect of metals and their alloys on the mucosa. 

Although the biological effects of metal nanoparticles have been widely studied in plants, 

microorganisms and experimental animals, their toxicological characterization for hu-

mans is far from complete, and therefore any new studies of this area are undoubtedly 

relevant. 

 Nickel and chromium have dermatological, toxicological and possibly mutagenic ef-

fects. It is estimated that 4.5 to 28.5% of the population has nickel hypersensitivity, with a 

higher prevalence in women. Chromium allergy is estimated at 10% in men and 3% in 

women. Symptoms of nickel hypersensitivity include the presence of vesicles, allergies, 

lung disorders, ear infections, and tinnitus. Nickel is the most common cause of allergic 

contact dermatitis caused by the metal. In second place is chrome. In addition to the aller-

gic effect, nickel and, to a lesser extent, chromium are also carcinogenic, mutagenic and 

cytotoxic. 

 Alloys of nickel and chromium, which are used in metal-ceramic constructions, are 

considered a cheap alternative to noble alloys. In the case of a sufficiently high concentra-

tion of chromium (more than 20%), they are chemically stable and thus resistant to corro-

sion in the oral cavity. Therefore, only nickel-chromium alloys with a chromium content 

higher than 20% should be used in prosthetics. In the case of a known allergy to one or 

more components of the alloy, their use is not recommended. This recommendation ap-

plies to all other alloys. [6] [7] [8] [9] [10] [11] [12] 

 Figure 1. and Figure 2. below shows photos of metal-ceramic prostheses of 2 out of 

30 patients that were subjected to my research. 

 

Figure 1. Patient – woman, 45 years, 10-year metal-ceramic bridges. Metallic staining of the gin-

giva in the DN 11, 12 area. 

Subj.- The patient experiences a peculiar taste in the mouth, irritability, gum pain developed over 

time. 
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Figure 2. Patient - woman, 69 years, 38-year-old metal crown DN 11. Metallic discoloration of the 

gingiva in the area of the crown. 

Subj.- The patient is satisfied, but feels a metallic taste in the mouth and observes discoloration of 

the gums. 

3. Preparation of the experiment methodology 

 For the most reliable result of the experiment, the methodology was applied to a sample of 30 

patients. 2 samples were taken from the oral cavity of each of them and were marked with the letters 

A and B. Sample A indicated a swab from the area of immediate contact of the metal-ceramic pros-

thetic work with the gingiva. Sample B represented a swab from an area (surface of intact teeth and 

gingiva, palate) where no metal-ceramic work or other metal filling is present. The samples were 

examined for the presence of chromium and nickel. The sample was taken using a wooden cotton 

swab, which was packed in Lukasterik bags, and then sent to the laboratory for analytical expertise. 

After the expert examination, the amount of chromium and nickel in the oral cavity was determined. 

Subsequently, the results were compared between both categories of patients. Table 1 below de-

scribes ICP-M5 and measurement conditions of the examination. 

Table 1. ICP-MS and measurement conditions 

 

 

 

 

Samples from patients were first sterilized by heat inactivation for 24 hours, 95°C. 

Next, the samples were incubated in concentrated nitric acid in a Teflon container using 

multi-cycle microwave heating. Heating was performed in a microwave system (Ul-

trawave system, Milestone, Italy). A typical procedure included the following steps: 4 mL 

of 69–70% HNO3 (Sigma-Aldrich, Darmstadt, Germany) was added to 4 mL of each sam-

ple. The acid was added in small portions due to the highly exothermic nature of the re-

action. In the next step, the aforementioned microwave mineralization was used. After the 

Spectrometer Sciex Elan 5000 (Perkin-Elmer, Norwalk, CT) 

Perkin Elmer Model Optima 3100 XL 

Nebuliser Transverse flow type, with Ryton condensation chamber 

Interface Pt-Rh alloy sample and skimmer cones 

Output 1000 kW 

Argon flow (l/min) Plasma gas, 16; auxiliary gas, 0,Y; aerosol gas, 1,0 

Scanning 

conditions 

residence time, 100 ms; sweeps for reading, 10; values per 

replicate, 5; number of replicates, 3; points over the top, 3; 

normal resolution, 0.8 

Analytical 

determination 

Cr, Ni 

Reference weight 103Rh 
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mineralization process, the contents of the test tubes were quantitatively transferred into 

flasks with a volume of 25 ml. A standard with a certified concentration (Merck, Germany) 

was used as an internal standard for monitoring signal stability. To measure the indicated 

elements, it was necessary to prepare calibration curves based on a standard solution 

(Multi-element ICP standard, Merck, Germany). Preparation of standards was carried out 

by the subsequent dilution method. Blank samples were prepared in the same way as the 

studied samples. ICP-MS was performed on a Perkin-Elmer Sciex Elan 5000 and Model 

Optima 3100 XL. The excerpt from the results is showed in Table 2. The orange columns 

contain the measured results from examination, For the most precise results, the green 

columns contain the measured results of examination minus the average value of nickel / 

chromium values found on the spatula used in the examination (the exact values of the 

spatula are included in Table 3). The last two columns of the Table 2 contain the age of the 

examined metal-ceramic prostheses and the number of metal-ceramic crowns. 

 

Table 2. Results of individual measurements (an excerpt from the full table) 

 
 

Table 3. Measured results of the spatula 
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4. Output / Comparison 

The analysis of the measurements confirms that the release of Cr and Ni into the oral 

cavity environment really occurs, as the values of metal particles were measured both in 

the immediate proximity of metal-ceramic works and in remote areas of the oral cavity 

where the prosthetic work is not located. This fact is described in Chart 1. 

Chart 2 shows the measured values of Cr and Ni based on a smear of the gingiva in 

the immediate proximity of the metal-ceramic work. It can be observed on the chart that 

Cr is released in a much larger amount than Ni in most cases. 

On the other hand, Chart 3 points to the fact that in the more distant parts of the oral 

cavity from the metal-ceramic restoration, on the contrary, there is a more significant re-

lease of Ni compared to Cr. 

From the comparison of the results contained in Charts 2 and 3, it is possible to de-

duce the different extent of spread of the observed metals in the oral cavity. Although Cr 

occurs in the immediate proximity of the metal-ceramic restoration in very high quanti-

ties, its occurrence is essentially negligible in the rest of the oral cavity. On the other hand, 

based on the measurements, Ni occurs relatively evenly in the oral cavity space, regardless 

of the location of the metal-ceramic restoration. 

 

     Chart 1. Results of measured Cr and Ni values 

 

      
 

Chart 2. The results of the measured values of Cr and Ni - the area of immediate proximity 

to the metal-ceramic restoration 
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Chart 3. The results of the measured values of Cr and Ni – the furthest area of the oral 

cavity from the metal-ceramic restoration 

 

5. Conclusion 

The main goal of the research was the analytical expertise of swabs taken from soft 

tissues and proving that despite the fact that suppliers of dental metal alloys try to refine 

the composition and ratio of individual components in a given alloy to have the most 

biocompatible properties and claim that currently there are metals on the market that are 

not subject to corrosion, the release of metals into the oral cavity continues to occur. It was 

also found that the release of metals does not occur only in the case of structures older 

than 15 years, but also in structures that are much younger (less than 5 years). Even the 

fact that the structure was completely covered with ceramics did not stop the release of 

metal. The most significant finding of this work can be attributed to the fact that the extent 

and uniformity of the spread of metals in the oral cavity varies significantly depending on 

the metal as such. 
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Abstract: Presented article is focused on the analysis of the quality of two types of welds intended 

for the renovation of molds during high-pressure aluminum casting. Two different cladding pro-

cesses were used for the production of samples, disk laser technology and TOPTIG cladding. In all 

samples, Uddeholm Dievar 1.2344 wire was used as an additional material, because this material is 

used in the restoration and renovation of functional parts of molds for aluminum pressure die- 

casting. The quality of the clads was evaluated on the basis of the heat-affected zone, which was 

determined from the course of the graphs during the hardness measurement. The tribological pa-

rameters of the clads were investigated using the Pin-on-disc test. Based on the experimental work 

carried out, these cladding technologies can be recommended in practice for the renovation of 

molds. Better results were achieved with the TOPTIG cladded sample. 

Keywords: Die casting, damage surface, casting dies, molten Aluminium, cladding, high temper-

ature corrosion, Laser, TOPTIG 

 

1. Introduction 

High Pressure Die Casting (HDPC) is a technological process widely used for cast-

ing 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 40-80MPa [1]. 

This-loading, 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-

ces-made of steel alloys is approximately 100,000 cycles and can be increased either by 

heat-treatment, thin coating or cladding [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 

very low 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 cladding is a technology used to create coating layers with improved proper-

ties, or to recovered effects 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 for-processing a wide range of materials. It is mainly used in the automotive, 

aerospace, medical, nuclear and oil industries. In the aerospace industry, the cladding of 
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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 cladding equipment are gas, 

semiconductor and fiber. The laser beam is guided into the cladding 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 cladding 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 cladding equipment is also the nozzle 

supplying the protective atmosphere gas, most often CO2. Vacuum cladding is possible 

but difficult to use, due to the high demands on the construction of the cladding equip-

ment [13]. 

   

TIG (Tungsten Inert Gas): 

Non-melting tungsten electrode (TIG) cladding technology, otherwise known as Gas 

Tungsten Arc Cladding (GTAW), is a cadlding method in which the gas protecting the 

cladding bath and the non-melting electrode is usually argon fed to a cladding nozzle at 

the end. The additional material is fed to the cladding bath in the form of a wire [15]. 

The TIG method also enables cladding without additional material. Its main ad-

vantage is the cladding of thin materials from 0.3 to 5 mm. The main disadvantage of this 

technology is low productivity, which limits it to smaller-scale work. The cladding 

torches used in the TIG method are divided into two types. The first type is an air-cooled 

burner used for smaller operations, loaded with a current of up to 200A. At a high current 

density of up to about 400A, burners are used which are cooled mainly by water [16-18]. 

The non-melting cladding electrode material must have a high melting point, good 

electrical, thermal conductivity and low electrical resistance. Tungsten with a melting 

point of 3370°C meets these requirements. Pure tungsten electrodes are used in pre-

dominantly alternating current cladding of light metals, but more often, electrodes with 

an admixture of thorium oxide, cerium or zirconium are used, which improves the sta-

bility of the electric arc and improves its ignition. Another parameter of the cladding 

electrode is its shape. When cladding with direct current, its tip is sharpened at an angle 

of 45°, but when alternating current they are not ground, instead they melt slightly with 

increasing current until they are rounded [19-20]. 

 

 

Figure. 1 Schematic represen-

tation of laser beam cladding [13] 

Figure. 2 Schematic representation of the TIG 

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 
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only the quality but also the chemical composition of the clads 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 clad but also in the degree of mixing of the 

base material with the cladded metal.  

Two disk laser cladded samples (sample 01), TOPTIG (sample 02), were applied to 

the additive material. Sample clads marked 01, 02 were applied on a substrate of nickel - 

chromium - molybdenum - vanadium steel 1.2714, DIN - 56NiCrMoV7. Uddeholm Die-

var 1.2344, DIN - X40CrMoV51 1.2 mm diameter cladding wire was used as an additional 

material. Pin on disk tests and hardness curves were performed on the samples.  

The clads 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 

 

Table 2. Chemical composition of the additive material [8] 

Element C Cr Si Mo Mn V 

Wt. [%] 0.35 5.0 0.2 2.3 0.5 0.6 

 

Uddeholm Deivar 1.2344 cladding 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 

cladding layers [8]. 

Table 3. Parameters of cladding 

 

 

 

 

 

 

 

 

 

 

 

3. Results 

For structural analysis of the clads, Tescan Vega-3 scanning electron microscope 

(SEM) images were selected, capturing the interface of the base material and the clads as 

well as the heat affected area. The chemical analysis of the individual clads was evaluated 

for each sample from the base material area, the mixing zone and the Cladded pool. 

 

Clad 01 (disk laser) 

 

 

Clad 02 (TOPTIG) 

 

Cladding technology Disc laser cladding Cladding technology TOPTIG cladding: 

Cladding equipment The TruDisk 4002  

solid-state disk laser    

with BEO D70 focusing 

Cladding equipment Fronius TPS600i clad-
ding power source 

Focal length 200 mm Cladding current 196 A 

Laser power 1.8 kW Cladding voltage 23.8 V 

Optical fiber diameter 400 μm Wirefeed speed 6.5 m. min-1 

Cadding speed 10 mm. s-1 Cladding speed 8 mm. s-1 

Focusing +/- 6 mm Arc length correction 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 preheated to 300 ° C 

before welding 

  Distance burner sheet metal 

surface 

19 mm 
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Figure. 3 Clad 01. Electron microscope 

image, capturing the interface of a) cladded 

metal, b) heat affected area, c) base material 

 

Figure. 4 Clad 02. Electron micro-

scope image, capturing the interface of a) 

cladded metal, b) heat affected area, c) 

base material 

 

Based on the chemical analysis of the clad metal 01 formed by the disk laser, it is 

possible to evaluate that due to the mixing of the base material and the cladded metal, the 

original value of chromium in the upper cladded metal layer was not reached. Another 

element for which a visible increase can be observed is vanadium. 

During the chemical analysis of the clad marked 02 made by the TOPTIG technol-

ogy, the smallest decrease of the elements, especially chromium in the cladded metal, is 

visible, in comparison with the elements contained in the additional material. 

 

Chemical analyzes have shown that in the heat-affected area, individual materials 

are mixed, ie. base and additional material in the cladded metal. The value of chromium 

in the cladded metal is crucial, which in no case reached the limit of 5.00%, soaked in the 

additive material. The decrease of this element can be attributed mainly to the thermal 

influence of the material in the process of cladding. The value of mixing the base material 

and the cladded metal is minimal, which is confirmed by the fact that the hardness of all 

clads evaluated in the previous analysis was around 500 HV0.5. 

 

 
Figure. 5 Scheme of the tribo wear track on 

sample 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 
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Figure. 7 Scheme of the tribo wear track on 

sample 02 produced by the Pin-on-Disc test 

 

Figure. 8 3D picture of the tribo 

wear track on sample 02 produced by 

the Pin-on-Disc test 

 

5. Conclusions 

The presented article is focused on the analysis of the quality of two types of clads 

intended for the renovation of molds in high-pressure aluminum casting. Two different 

claddings, disk laser cladding technologies and TOPTIG cladding were used to produce 

the test specimens. Uddeholm Dievar 1.2344 cladding wire was used as an additional 

material in all samples due to the fact that this material is used in the renewal and reno-

vation 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 cladding technologies used in the 

formation of cladding layers in various industries. The experimental part was focused on 

determining the quality of the above clads. The quality of the clads was assessed on the 

basis of the heat-affected zone, which was determined from the course of the graphs, 

when measuring the hardness. Tribological parameters of the clads 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 clad marked 02, cre-

ated by the TOPTIG 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 02 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 clad marked 02 TOPTIG. 
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Abstract: One of the disadvantages of the conventional robotic manipulators is their hard body, that 

is not compliant and unable to adapt to the sensitive and complicated environment. This disad-

vantage is compensated in the continuum robots. Their structure allows them to be compliant and 

dexterous in various sensitive and complicated environments. The modeling of these robots can be 

divided in two main groups. Where one is using classical analytical methods and other is using 

modern learning-based techniques to learn the kinematics and dynamic models of the robot. This 

work is describing the use of reinforcement learning method called deep Q learning to learn the 

control of a tendon driven robot in order to position itself to the desired position. The algorithm is 

trained on a constant curvature approximation model of the robot. The achieved results show that 

the agent was able to learn to get towards the goal, however the accuracy needs to be improved. 

Further work will focus on implementation of multiple agents to study how the distribution of the 

task will improve the accuracy and training time.     

Keywords: robotics, control algorithm, mathematical modeling, simulation 

 

1. Introduction 

Conventional robotic manipulators can be defined by various criteria like numbers 

of joints, types of joints connecting the links of the robot, etc. By kinematic structure, the 

robotic manipulators are classified as serial, parallel, and hybrid manipulators. One of the 

important properties of robotic manipulators are the number of their joints that corre-

spond to their degrees of freedom. When it comes to the continuum robots, most of them 

have a high or virtually infinite number of degrees of freedom. Therefore, continuum ro-

bots can be classified as redundant or hyper-redundant robots. The continuum robots are 

essentially biologically inspired robots whose capabilities were inspired by snakes, ele-

phant trunks, and all kinds of tentacles. The mechanical configuration of continuum ro-

bots allows them to move in various complicated environments as well as adapt to the 

obstacles and barriers. These properties are the main advantage of the continuum robots 

that are allowing them to be used for various complex tasks, where complex environments 

can cause problems to conventional rigid robots. There are many different applications of 

continuum robots, where their properties can be fully utilized.  

This paper is focusing on the use of reinforcement learning for the control of tendon 

driven continuum robots. The structure of the paper is as follows: 1. Introduction, 2. Math-

ematical modeling of continuum robots, 3. Reinforcement learning based control algo-

rithm, 4. Conclusion.  

2. Mathematical modeling of continuum robots 

One of the key components of the robot is the controller that dictates to the robot how 

to activate its actuators to achieve the desired position or coordinates in the coordinate 

system. The controller is acting in the actuator space, therefore, mapping between multi-

ple coordinate systems is required.  
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There are multiple approaches of mapping between the coordinate systems and de-

scribing the kinematics of the continuum robots. These approaches can be categorized into 

two main groups, where one uses classical analytical methods to develop and describe the 

relationship between multiple coordinate systems and the other group uses modern learn-

ing-based approaches to learn these relationships either directly from the robot or its 

model.     

2.2. Model-based modeling 

Model based approaches focus on analytical methods. The most common approach 

here is constant curvature approximation (CC). This approach assumes that the configu-

ration space of a continuum robot is parameterized by three variables that represent the 

curve that is formed along the center line of the robot [1]. This approach reduces and ig-

nores large amount of the robot’s dynamics and trades it with the computation speed and 

simplicity of the model. The limitations of this approach are in its use, in cases, when the 

robot's actuation is symmetric and its shape uniform. This means that the tendons that are 

controlling the robot must be evenly distributed around the center line of the robot, so 

that the actuation can be symmetrical. Another approach similar to the CC approximation 

is the piecewise constant-curvature approximation (PCC) [2], [3]. In this case, the back-

bone is parameterized as a series of interconnected tangent sections, where each section is 

approximated as an arc with constant curvature [4]. The backbone is described by two 

parameters κ, Φ. In this description, κ is the curvature of the arc that represents the back-

bone of the robot, Φ is the angle of rotation of the plane in which the robot is bending. 

The X, Y, Z coordinates of task space can be obtained from these two parameters by use 

of D-H parameters, Frenet-Serret frames, and other approaches that are described in detail 

and compared in [3].  

The model-based methods are the most studied and researched methods right now. 

These methods rely mostly on the constant curvature approximation, due to its fast com-

putation and easy implementation. All the mentioned models have its advantages and 

disadvantages based on various factors like external loading, mechanical design, number 

of sub-segments etc. In comparison, the accuracy does not change significantly between 

the models, however the computation time does [4]. This factor, therefore, plays the big-

gest role when choosing the right mathematical model of the continuum robot. 

2.3. Model-free modeling 

Unlike model-based approaches of modelling, the model free approaches are newer 

and less explored. These approaches are based on the data that are gathered and gener-

ated by either mathematical model or real robot. Based on these data, various techniques 

are used to learn forward or inverse kinematics and actuate the robot with highest possi-

ble precision and speed. In [5], the author proposed to use neural networks to learn di-

rectly the inverse kinematics of a three-tendon driven robot. This approach showed good 

results, however drawbacks of this approach is its application to different continuum ro-

bots or even extending the segment on the original one, therefore this method is very spe-

cific to the robot designed in this paper. One of the proposed methods for solving the 

control task of a continuum robot can be seen in [6]. In this paper, the authors proposed a 

reinforcement learning approach to learn the control strategy for a pneumatically actuated 

soft robot. The movement of the robot is restricted to 2D space. The authors opted, for 

using Q-Learning, which guides the robot in any given state by choosing the appropriate 

action, based on the learnt policy. It is trained to move towards the randomly selected 

target and the iteration ends when the robot reaches the target with acceptable accuracy. 

The state space is discretized so that there are finite numbers of states that can occur, and 

the action space is limited to four actions that are enough to achieve every point in the 2D 

space. The application of reinforcement learning was also used in [7] to learn the closed-

loop dynamic control of the soft robot. The authors have used recurrent neural networks 

to learn the forward dynamic model. In combination with trajectory optimization algo-
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rithm and learnt forward model control policies are sampled on real robot, which is gen-

erating new trajectories. These are used in supervised learning to train the closed-loop 

predictive controller based on multilayer perceptron. In addition to classical Q-Learning, 

the use of Deep-Q Learning was introduced in [8]. The soft pneumatically controlled robot 

achieves its position, with combination of the unidirectional bending and bidirectional 

torsional deformation. The control policy is learnt on simulation of the robot by using the 

Deep-Q Learning with the experience replay. The use of reinforcement learning was also 

mentioned in [9]. In this paper, the authors proposed using the Deep-Q Learning ap-

proach on a tendon driven continuum robot. The robot was controlled by 4 motors so that 

the movement in the x-y coordinate system would be handled by 2 agents. Each agent 

was trained to move in one direction of the coordinate system in order to achieve the de-

sired target. So called shielding scheme was also introduced. The shielding is adapting 

the actions of the agents to the actual Euclidean distance of the actual position and the 

target position. The variable actions allow for quicker achievement of the target point.  

The use of model-free methods in the field of continuum robotics is relatively new 

and less explored than model-based methods. These methods are data dependent, and the 

learning uses the data to learn the proper kinematics. The main advantage of these meth-

ods is in the cases when the mathematical model is too complicated or just not available. 

Even though, the learning can take considerable amount of time, the subsequent deploy-

ment is fast, and the control is often very precise.  

3. Reinforcement learning based control algorithm 

The main objective of this research is to develop a control algorithm for positioning 

a continuum robot in 3D space. The robot platform can be seen in the following figure 1b.  

 
 

(a) (b) 

Figure 1. The modeled system: (a) The mapping between the multiple coordinate systems of the tendon driven continuum 

robot; (b) Hardware design of controlled and modelled continuum robot driven by tendons. 

It consists of 11 sub-segments that are forming 1 large segment of the continuum 

robot. The robot is controlled by 3 tendons that are either shortened or extended in order 

to position the robot into the desired position. Since, the reinforcement learning based 

algorithms are based the interaction between the agent, which is an entity that is learning 

a policy, and the environment that represents the robot, either real or simulated, for the 

purpose of learning the policy a model of the proposed robot was created. The scheme of 

the model can be seen in the figure 1a. It is a constant curvature approximation model, 

where robot is approximated as a constant curve. The mapping is then done from cable 

lengths to the arc parameters all the way to the Cartesian coordinates of the end point of 

the robot. This model is then used as part of the environment to train the agent. 
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The proposed algorithm is based on so called Deep Q Learning. It consists of one 

DQN agent that is interacting with the environment. The agent is sending the appropriate 

actions to the environment, based this the environment gets into the state and sends re-

ward signal to the agent depending on the chosen action. The agent contains 2 networks, 

where the main network is being trained and its weights are used to update the weights 

of the target network depending on the update interval. The main network is used to ap-

proximate the action-value 𝑄(𝑠, 𝑎, 𝜃). The output of the target network 𝑄∗(𝑠𝑗+1, 𝑎𝑗+1, 𝜃
−) 

is to calculate the loss function that is being minimized during the training. The policy 

used for training is called ε-greedy policy. The ε parameter is used to determine how 

often does the agent take an exploratory action. The higher the parameter, the more likely 

is the agent to take a random action to explore the space. The action space is consisting of 

twelve possible action combinations that the agent can take to control all three tendons of 

the robot.  

Figure 2. Training accuracy 

The algorithm was training for 1500 episodes and each episode was set to have maximum 

400 steps, depending on the termination condition. After each episode the robot was reset 

to initial position and start again. The algorithm was using an off-policy training and the 

robot’s task was to achieve a desired point that was set at the beginning of the training. In 

figure 2 and figure 3 the graphs from the training can be seen. 

 

Figure 3. Distance to the target measured during the training 

In figure 2, the training accuracy graph can be seen. The accuracy during training is 

slowly increasing as the agent learns the appropriate actions, and eventually the accuracy 

is converging. The objective of the training is to maximize the accuracy and minimize the 

loss function. In the figure 3, the error or distance of the robot’s tip to the target point can 

be seen. As the training is progressing the error is slowly decreasing. The total training 

time of the algorithm was about 17-hours. During this time, the agent was learning the 

policy for action selection given the state. The initial position of the robot was 36.1 mm 
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away from the target point. The achieved Euclidean distance after the training was 19.3 

mm.    

4. Conclusions 

The objective of this paper was to present reinforcement learning based control algo-

rithm for the position control of a continuum robot driven by tendons. To train the algo-

rithm a mathematical model, based on constant curvature approximation, of continuum 

robot driven by tendons was implemented in the training algorithm. The training of the 

algorithm was done in batches so that 100 samples were randomly selected from the 

buffer, to train the neural network. The neural network had 3 input neurons representing 

the Euclidean distance from the actual position to the target point. As a result, one of the 

12 possible actins was selected and used. After the 17-hour of training the achieved accu-

racy of the robot was about 19 mm. These results could be influenced by the number of 

factors. One of the factors is the number of actions that the agent could take. The limited 

action space can, therefore, limit the performance of the agent. Another limiting factor can 

be the number of the agents that are used to control the robot. In the current state a single 

agent must handle for all the tendons by itself, by introducing more agents the task can 

be distributed which would potentially simplify the task for each agent and which could 

also result in faster training times. The future work will consist of implementation of mul-

tiple agents to lighten the workload for each agent and achieve better accuracy and train-

ing times.  

 

 
Acknowledgments: The authors would like to thank to the Slovak Grant Agency VEGA 1/0201/21, 

VEGA 1/0436/22 and KEGA 030TUKE-4/2020. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 

design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

script; or in the decision to publish the results. 

 

 

References 

 

[1]  M. W. Hannan and I. D. Walker, "Kinematics and the Implementation of an Elephant's Trunk Manipulator and 

Other Continuum Style Robots," Journal of Robotic Systems, vol. 20, pp. 45-63, February 2003.  

[2]  B. A. Jones and I. D. Walker, "Kinematics for multisection continuum robots," IEEE Transactions on Robotics, vol. 

22, p. 43–55, February 2006.  

[3]  R. J. WebsterIII and B. A. Jones, "Design and Kinematic Modeling of Constant Curvature Continuum Robots: A 

Review," I. J. Robotic Res., vol. 29, p. 1661–1683, November 2010.  

[4]  P. Rao, Q. Peyron, S. Lilge and J. Burgner-Kahrs, "How to Model Tendon-Driven Continuum Robots and 

Benchmark Modelling Performance," Frontiers in Robotics and AI, vol. 7, p. 223, 2021.  

[5]  M. Giorelli, F. Renda, G. Ferri and C. Laschi, "A feed-forward neural network learning the inverse kinetics of a soft 

cable-driven manipulator moving in three-dimensional space," in 2013 IEEE/RSJ International Conference on 

Intelligent Robots and Systems, 2013.  

[6]  X. You, Y. Zhang, X. Chen, X. Liu, Z. Wang, H. Jiang and X. Chen, "Model-free control for soft manipulators based 

on reinforcement learning," in 2017 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), 2017.  



Novus Scientia 2023  
 

244 

 

[7]  T. George Thuruthel, E. Falotico, F. Renda and C. Laschi, "Model-Based Reinforcement Learning for Closed-Loop 

Dynamic Control of Soft Robotic Manipulators," IEEE Transactions on Robotics, vol. PP, p. 1–11, November 2018.  

[8]  S. Satheeshbabu, N. K. Uppalapati, G. Chowdhary and G. Krishnan, "Open Loop Position Control of Soft 

Continuum Arm Using Deep Reinforcement Learning," in 2019 International Conference on Robotics and Automation 

(ICRA), 2019.  

[9]  G. Ji, J. Yan, J. Du, W. Yan, J. Chen, Y. Lu, J. Rojas and S. S. Cheng, "Towards Safe Control of Continuum 

Manipulator Using Shielded Multiagent Reinforcement Learning," arXiv:2106.07892 [cs], June 2021.  

 

 



 

 

    

245 
 

Introduction of Generative Design for Spur Gear Wheel Bodies 

Samuel Sivák 1, *, Silvia Maláková 1, Matúš Virostko 1 

1 Faculty of Mechanical Engineering, Technical University of Košice, Letná 9, 042 00 Košice, Slovakia; 

saumel.sivak@tuke.sk , silvia.malakova@tuke.sk , matus.virostko@tuke.sk 

* Correspondence: samuel.sivak@tuke.sk  

Abstract: A paper was written about recent developments in design engineering. These techniques 

included generative design and topological optimization. Following chapters described the process 

of topology optimization. Each step is divided into subsection, where it is described, alongside the 

image demonstration. Topology optimization is described step by step in a SolidWorks software. 

Advantages and disadvantages of this process in this software are summarized in the last section, 

where the next approach and other options are laid out. 
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1. Introduction 

During the conceptual design stage of the product development process, engineers 

and designers develop and assess numerous design choices in search of the best solutions. 

The procedures selected and choices made during this phase have a significant impact on 

all later stages of product development, including areas like manufacturing, production, 

quality, expense, and others [1]. Up to 80% of a product's cost can reportedly be identified 

by the end of the design phase, according to Anderson [2]. Multiple criteria must therefore 

be taken into account during the design stage in order to prevent unnecessary expenses 

later in the development process. 

Technology developments, particularly in processing power, machine learning, and 

related algorithms, have contributed to the creation of intelligent design automation sys-

tems. Thanks to the high-performance computing capacity offered by the cloud, complex 

optimization computations and iterations that were before impossible to complete are 

now viable. This enables designers to quickly perform intricate simulations to test various 

product configurations under a variety of circumstances, providing important infor-

mation for selecting the optimal design options. On the other hand, the rapid advance-

ment of additive manufacturing technology is leading to significant changes in compo-

nent production and design. They make it possible to produce complex geometries that 

are otherwise impossible to make using conventional production techniques [3]. 

The usage of CAD systems is being incorporated into the design process more and 

more often, and this incorporation is being supported by the expanding range and capa-

bilities of the systems [4]. Engineers started creating CAD-based topology optimization 

(TO) software that can provide the best designs for certain structures. However, this has 

been mostly acknowledged by designers and engineers, rather than the more general area 

of product design [5]. Such programs may change current designs, include explicit fea-

tures into the design, and build whole new designs. This issue has recently been resolved 

by the inclusion of generative design (GD) algorithms in CAD software. These programs' 

primary objective is to foster designers' creativity by producing a wide range of design 

solutions. The aim of this article is to lay the foundation for the research based on GD, 

which will be compared to commonly used methods for optimization as well as the use 

of TO. 
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2. Materials and Methods 

The conventional design process starts with the process of developing functional 

specifications over the user needs, which are included in the following modelling phase. 

These are transformed into geometric shapes using CAD systems. CAD systems are 

mainly used to create a detailed 3D model of the final element and to produce accurate 

engineering drawings. The three-dimensional models are then verified by simulation pro-

grams, i.e. CAE (Computer Aided Engineering) and CAM (Computer Aided Manufactur-

ing) programs, using analytical and testing functions, before they are sent to production 

machines, such as machining centers, lathes or milling machines, to produce the final 

product. The use of CAx (Computer Aided Technologies) systems [6] is used to support 

and simplify design on the one hand, while on the other hand such systems can limit the 

creativity of designers [7]. This is mainly because current CAD systems allow designers 

to create 3D models according to parametric feature-based modelling, which was intro-

duced in the late 1980s. The main advantage of this technique was its ability to produce 

flexible designs defined by design variables and parametric character. In the following 

years, CAD systems were enriched with additional modelling and specific functions and 

were also integrated with CAE and CAM modules, allowing users to work in a single 

virtual environment. In particular, the CAE modules enable finite element analysis 

(FEM/FEA), in which structural studies are solved by defining geo-metrics, boundary con-

ditions and initial conditions [8], while CAM is used to assess the manufacturing geome-

try created in the CAD environment. Once the program and path are selected, code can 

be created and used in the CNC machine to create the product. However, the modelling 

approach has remained essentially unchanged and thus does not support designers in 

building complex geometry models [9]. 

Unlike the traditional design process, in which CAD systems are used to generate 

precise geometry that follows user specifications, the introduction of TO and GD allows 

designers to focus primarily on the function of the designed product instead of the form, 

using optimization programs to generate design alternatives. In fact, as shown in Figure 

1, the first stage is common to both methods, where the CAD system has to be used, but 

only for the definition of the functional surfaces. Moreover, the last stage is common to 

both methods and consists of the use of CAM systems to ensure precise manufacturing. 

In contrast to the CAM systems mentioned above, these systems, specific to AM, are de-

signed to enhance the printing capabilities, optimizing the orientation of the part, the 

number and type of supports and, only recently, to predict the deformation of the part 

due to the high stress gradient created during printing [10)].  

 
 

Figure 1. Scheme of optimization using TO and GD.  

2.1. Generative design 

Research on generative design started in the 1980s, but much of it published at the 

time, was completely theoretical and lacked any real-world applications. The field of ar-

chitecture first attracted interest [11], but soon after, academics started considering oppor-

tunities and applications in other domains that may profit from the convergence of com-

puter and evolutionary theory parallels. In the field of design, Vajna et al. [12] developed 
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the autogenetic design theory by examining the similarities between the design process 

as it relates to product creation and the natural process of evolution (Figure 2).  

According to evolutionary theory, the product development process may be de-

scribed as the continual improvement of a fundamental solution under the influence of 

beginning conditions, boundary conditions, and constraints. These factors influence the 

development of design and open up new spaces for it. Given the variety of uses, genera-

tive design currently lacks a widely accepted concept. In accordance with Shea et al. [11], 

"Generative design systems are targeted at producing novel design processes that provide 

spatially inventive, yet efficient and buildable designs by employing current computa-

tional and manufacturing capabilities". According to Krish [13], "generative design" is a 

design-driven, parametrically constrained exploratory technique that utilizes parametric-

based CAD tools intended to support design as an emerging process. However, there are 

presently design applications that go beyond the usage of standard CAD tools and are not 

constrained by parametric models [14, 15]. 

Using a process known as generative design, which includes some automation and 

autonomy in the process, several designs are created. The design process mimics nature's 

evolutionary process by starting with one or more different designs and changing them 

through time into ones that are more suited to the demands of particular contexts. Design 

criteria that are not met or circumstances that are not met are discarded, and the search 

(evolution) process moves in new directions.  

The term "generative design" is frequently used to refer to computationally aided 

design, despite the fact that it can only be performed with a pen and paper and a set of 

rules. The created results can be in a variety of formats, including images, models, sounds, 

and animations. Generative design is typically thought of as using algorithms as a foun-

dation for the production of designs. 

 

Figure 2. Progress of generative design [16] 

3. Practical demonstration of the problem solution in SolidWorks 

This chapter is aimed at definition of conditions needed for topology optimization of 

a part, mainly the gear wheel body. Next steps are described step by step of what they 

mean and how to use them. 

3.1. Digitization of the Model 

The 3D modeling capabilities and effective design automation tools built into Solid-

Works were utilized to digitize the model. Although, in reality the designer needs to take 

into account that the optimized model cannot have more bodies than one and needs to be 

unified. This is a crucial requirement because the SolidWorks topology optimization mod-
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ule does not support the simultaneous optimization of many parts or assemblies. Alt-

hough it needs to be taken into account that some areas need to be unchanged from ge-

ometry point of view (holes, functional profiles…). In that case the model needs to have 

boundaries limiting the area (Figure 3). 

 

Figure 3. Digitalized model with boundary curves 

3.2. Defining the External Loads and Fixtures 

External loads and fixtures are defined in the same way as for FEM simulation. Only 

difference is that the force load is place upon every tooth of the gearing to ensure the 

“pattern” shape of the optimized gear wheel, which means that there will not be sections 

with less or no support without pattern (Figure 4). 
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Figure 4. Boundary and load characteristics for gear wheel 

3.3. Defining Goals and Constraints of the Model 

The topology optimization study's optimization objectives and constraints must be 

determined in this part. Given a particular amount of material reduction, the topology 

analysis will try to determine the stiffest structure achievable. The aim and limitations 

definition will affect the material removal. The geometry of the 3D model's most stiff com-

ponents is determined by the amount of mass that is eliminated from the initial maximum 

design space by the optimization process. When "Best Stiffness to Weight ratio" is chosen, 

the algorithm will attempt to reduce the 3D model's global compliance, which is an indi-

cator of the model's overall flexibility (contrary to stiffness) (Figure 5). Compliance is de-

fined by the sum of strain energies of all elements. Constraints define upper and lower 

limitations for the largest displacement that can be shown in the 3D model, or they impose 

restrictions on the proportion of the mass that may be removed. 
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Figure 5. Goals and constraints for gear wheel 

3.4. Defining the Manufacturing Controls 

The material is laid out in a way by the topology optimization process that adheres 

to the optimization objective under the given geometric constraints. However, utilizing 

conventional manufacturing techniques like casting or forging may make it difficult to 

produce the 3D model. The application of appropriate production controls in the optimi-

zation model can prevent the creation of undercuts and hollow pieces. Manufacturing 

boundaries guarantee that the optimized 3D model can be correctly stamped or removed 

from a mold, for example. Four different manufacturing control types are available in 

SolidWorks simulation. They are listed below: 

• Thickness Control. limits the topology optimization of the model to avoid producing 

regions with difficult-to-manufacture walls that are too thin or regions that are too 

thick. 

• Preserved Region(s). This characteristic adds conserved region(s) to the 3D model 

that won't be altered during topology optimization, maintaining the geometry of 

those surfaces that are crucial to the model's functionality (Figure 6). 

• Symmetry Control. The optimized 3D model is made symmetric to one or more pre-

determined planes using symmetry control. Depending on the design layout, a pla-

nar symmetry can be adopted that is either half, quarter, or one-eighth. 

• De-mold Control. This feature brings the extraction of the optimum 3D model from 

a mold. 

 

Figure 6. Preserved regions defined in manufacturing controls 
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4. Conclusions 

The 3D model that has been optimized can be exported as a surface body, solid body, 

or graphic body. When the model will be created on a 3D printer without additional de-

sign modification, the alternatives "Surface body" and "Solid body" are appropriate. When 

"Graphic body" is selected, an optimal design is exported in a boundary geometry repre-

sentation format, which is better suited for alterations and additional editing. In the first 

3D model, SolidWorks enables the insertion of an exported graphic body. After superim-

posing two 3D models, the initial step is to determine their differences. The simplest ap-

proach to achieve this is to make the optimized model opaque and adjust the initial mod-

el's transparency to semitransparent. 

The program SolidWorks reported an errors with regions to preserve which needs to 

be addressed. Preserved regions for topology optimization are the hub which is mounted 

on shaft and gearing with some rim thickness under it to ensure the gearing stiffness. 

Other disadvantage of this work is that the rim thickness was chosen but not optimized. 

These points will be added and solved in future works. 

Future works will be performed not only in SolidWorks software but also in other 

ones such as NX or Fusion 360. This will be done to ensure and choose in needed of the 

best software to optimize the gear wheel body. One of the missing features of SolidWorks 

software is also a lack of generative design options. This will be addressed in future wors 

alongside the comparisons of software capabilities and optimized shapes. 
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Abstract: The constant evolution of technology has a profound impact on people, their skills, 

knowledge and desire to own or use these new technologies. The same is true for entrepreneurs, for 

whom technology can greatly help to improve their skills, enhance their market position and un-

dermine their competitors. One possibility is to embrace digitization. Creating a digital model that 

saves time and financial costs. The use of virtual reality will give the user a more realistic view of 

the enterprise space. These conveniences have also helped in various areas of business during the 

COVID-19 pandemic by enabling online interviews for workers or instant site visits.  

Keywords: digitization, production hall, SketchUp, Twinmotion, virtual reality 

 

1. Introduction 

If businesses want to remain competitive, they need to be responsive to innovation 

and the changes that innovation brings to the world. Technology is increasingly encroach-

ing on business processes. Virtual reality is currently under development, but is expected 

to be widely used in the market in the future. Which means the opportunity to bring a 

competitive advantage. However, the importance lies in responding to innovation in its 

early stages [1]. It is necessary to think about the possibilities of using virtual reality be-

cause they can bring added value not only to customers but also to the enterprise. 

2. Digitization and visualization of the production hall model 

The first part of the work consisted of creating a model of the production hall. For an 

illustrative example, a model of the production hall PK12a was made, which is part of the 

Technical University in Košice referred to as the prototype and innovation center of the 

Faculty of Mechanical Engineering. 

The software products SketchUp and Twinmotion were chosen for making the 

model. The SketchUp software made it easy to create the basic space of the production 

hall, to design the individual machines and equipment. Some of them were inserted into 

the environment from the respective library. The Twinmotion program allowed important 

changes of materials and colors, addition of the surrounding environment, of course ad-

dition of other objects as well as addition of workers, machine and equipment operators.  

The following figures show the model created in the aforementioned programs [2]. 
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Figure 1 Created model of the hall in SketchUp 

Figure 1 shows the formation of the basic space of the production hall, complete with 

machinery and equipment. In the figure it is also possible to see the tools used by the 

program. 

 

Figure 2 Created model of the hall in Twinmotion 

The changes made to the production hall environment and the addition of produc-

tion machine and equipment operators are shown in Figure 2. 

3. Virtual reality 

The use of virtual reality enriches all of the entrepreneur's options mentioned in the 

introduction. Its use has been high even in the case of pandemic period. It has enabled 

various meetings or visits to distant places [3]. 

3.1. The importance of virtual reality 

The improvement and advancement of technology can also be seen in the wide range 

of applications of virtual reality [4]. It has become an essential part of industry, healthcare, 

sport or architecture. 

3.1.1. Virtual reality and employee training 

More and more companies are procuring virtual reality assets every day. It allows 

them to train or train their staff in one place, easily and at a savings time [4]. 
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Figure 3 worker training 

Figure 3 shows the training of an employee using virtual reality tools. 

3.1.2. Virtual reality and communication 

The influx of the COVID-19 pandemic has also severely disrupted and limited com-

munication between companies around the world.  

Suspension of flights, banning movement between countries was addressed using 

virtual reality tools that allowed users to communicate in the same room. In this way com-

munication allows viewing videos, images, PDF files in individual rooms [4]. 

 
Figure 4 communication using virtual reality 

3.1.3. Virtual reality and automotive production 

Virtual reality also has its place in the automotive industry. A team of engineers can 

use it to design a new car model, saving money and time [5]. 

 
Figure 5 Creating a car design through virtual reality 
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The use of virtual reality is also used in other areas mentioned above. In each of them, 

its use has a different meaning, a different goal, and in each of them, different means of 

virtual reality are used. 

3.2. Virtual reality resources 

In some cases, interaction is provided by basic computer equipment such as a mouse 

or keyboard, on the other hand, the current era brings some additional means of virtual 

reality. 

3.2.1. Head-up display 

This means of virtual reality can be considered the simplest. The head-mounted dis-

play is a display device with a varied shape [6]. We include here display goggles or hel-

mets. 

 
Figure 6 Headset of virtual reality 

This virtual reality tool is increasingly being sold alongside game controllers, dis-

played in Figure 6. 

3.2.2. Data gloves 

This means allows the user to move, rotate components, fold objects in the virtual 

world [7]. 

 
Figure 7 Data gloves 

3.2.3. Leap Motion Controller 

Leap Motion Controller maps hand movement in real time, enabling natural 

integration with digital content [8]. 
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Figure 8 Using the Leap Motion controller 

The following virtual reality tools were used for the created model of the production 

hall: 

• Head-up display 

• gaming controllers 

 
Figure 9 Use of virtual reality tools 

4. Price appreciation 

The aim of the article was to introduce digitization, its conveniences and the switch-

ing of digitized model into virtual reality. 

Use of the software products was available free of charge with student registration, 

but for businesses these programs would require a fee. The same initial investment is re-

quired for the virtual reality resources used. 

A table was created to give an idea and approximation of the investment. 

 

Table 1 Display of expenditure 

Product Price 

SketchUp 328, 80 € 

Twinmotion 473, 83 € 

virtual reality resources used 

(headset) 
490 € 

Computer for VR 1 248 € 

training programs 175 € 

Total 2 715, 63 € 

The price evaluation includes the average prices of the virtual reality assets used as 

well as the individual programs. The price depends on the level of the program. However, 

higher editions of the programs are suitable for more demanding users, for example in 

the medical or architectural fields. In the same way, in the industry, the entrepreneur 
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could reduce his expenditure by the value of the training, as the level of use of SketchUp 

and Twinmotion is not high. 

5. Conclusions 

This paper has highlighted the increasing use of digitization and virtual reality in busi-

ness. The article included the creation of a manufacturing floor space and its transfor-

mation into a program that allows the model to be linked to virtual reality. Its inventive-

ness lay in the possibility of viewing the created space and doing so instantly. The article 

also included several other benefits of using virtual reality, in different areas of business. 

The price evaluation highlights the initial financial costs that a business needs to incur if 

it is interested in this way of increasing the efficiency of the business. 
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Abstract: This article deals with analysis of available torque on prototype device with unlimited 

degree of rotation. This device is developed at Technical University of Kosice. Current generation 

is able to rotate on their own, however the capability of current generation is still unknown. This is 

holding back the future development, as we do not know, what current generation is capable of. 

Therefore, in this article we are going to test highest available torque on one of the modules to eval-

uate, if current design of mechanics is good for future development. To achieve this task, we build 

custom setup and we are going to compare real measurements with theoretical values. 

Keywords: modular system, URM, torque 

1. Introduction 

URM is short term for Universal Rotary Module. This device is developed at Tech-

nical University of Kosice. It is based on modular architecture, and it is important for 

modular robotic arm. The main advantage is ability to rotate continually without need to 

rotate back. Communication between modules is wireless. The power delivery to each 

module is done from previous module trough contact pins and coils for wireless power 

transfer. Other advantage is building a kinematic chain with degrees of freedom depend-

ing on required application. For that, we are connecting active parts of the module with 

passive interconnections called Bend. These bends can be manufactured with any angle, 

but for now we are working with angle 52°. However different angles can be manufac-

tured based on specific task and requirements. Same size modules are identical, therefore 

there can be change in kinematic chain with each other in case of failure. [1,2] 

 

Figure 1. Kinematic chain from URM modules in section view 
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The second generation of these modules was manufactured in 2019 [3].This generation consist of 3 

different sizes named as Large, Medium and Small. All modules have height identical with out-

side diameter. Large is 128 mm, Medium 108 mm and Small is 88 mm. For mechanical connection 

they are requiring passive parts. This part does not have any mechanical parts, batteries or logic. It 

only connects two active modules together. However it is necessary to have this part, as the servo 

with gearbox is longer than the shell of the URM. 

2. URM SPECIFICATION 

3.1. Original Design 

All modules of URM have their own logical circuit, their own power management, 

batteries, servo and power transfer features. The main difference is size of each module 

and servos used in each size. The general comparison of servo is in the table below. These 

values are also considered to be the base for our future measurements. All sections are 

manufactured primarily from aluminium alloys. 

 

Figure 2. Description of section in URM. 1.) outside shell, 2.) rotating section 3.) core holder, 4.) 

servo, batteries, control unit. 

The other modules are sized down version of the largest module. Therefore, we are 

focusing on improving this variant first, before we are implementing changes in the other 

variants. With smaller sizes, we are also using smaller servos. All servos can use up to 24 

Volts. This allows us to use same control board for all sizes. The smaller servos have also 

lower torque and different gearbox. Selected values for each size are in the table below. 

These are only theoretical values, however the manufacturer can often guarantee perfor-

mance close to these values. [4] 

Table 1. This is a table. Tables should be placed in the main text near to the first time they are 

cited. 

Sizes of URM Small Medium Large 

Outside diamter 

Gearbox 

Model of servo 

Max Torque 

Continuous torque 

88 mm 108 mm 128 mm 

1:159 1:159 1:116 

1741U024CXR 2642W024CR 3272G024CR 

1.1 Nm 4.5 Nm 32.0 Nm 

0.8 Nm 3.5 Nm 13.2 Nm 
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Current generation was already improved by optimizing the core holder. This moved 

the prototype into working state, because till this point, modules were unable to move on 

their own. One of the main parameters in designing these modules was torque require-

ment. This is important, because each part of the robotic arm needs to be able to move in 

the most difficult position. Therefore, we need to know, how much performance is lost 

due to friction, resistance etc. This will also affect the battery life, lifespan of the bearings, 

and also the overall performance of the module. 

The bearings are custom made taper plain bearings manufactured by Igus from ma-

terial Iglidur G. [5] 

For bearing arrangements we had two main options, called Face-To-Face arrange-

ment or Back-To-Back arrangement. These arrangements are also referred to as X and O 

arrangement respectively. 

Advantage of O configuration is higher rigidity and stability of assembly. It is also 

better for preloading the bearings. This arrangement can take very well both, axial and 

radial loads. X arrangement is better for tolerating misalignments. [6] The example of 

bearing alignment is shown below. 

 

 

Figure 3. Face-To-Face and Back-To-Back configuration [7] 

With experience from our first prototype generation, we used Back-To-Back config-

uration in current generation. 

3.1. Changes in protype 

Original concept had manufacturing defects, that was fixed by manufacturing spare 

parts. The original design of the core holder was welded together from four individual 

parts. That introduce large deviation in concentricity between output shaft from gearbox 

and rotary section of URM. The radial forces on the gearbox were so large, it was unable 

to move on its own. Therefore, we manufactured spare part from PLA on 3d printer. These 

segments are interchangeable. [8] 
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Figure 4. New core holder from PLA and old core holder from aluminium 

3. Testing setup 

For purpose of this article, we are testing only larger module, as it is only size that 

can be fixed in the testing setup and it is only module, that is currently working. We se-

cured the module in the fixture and created tower, where we can fix lever for our torque 

meter. Then we proceeded to take measurements every 60 degrees in both directions. The 

Clockwise direction is defined as the top fixture is trying to rotate clockwise. The Coun-

terclockwise direction is done analogically. We also reset the torque meter after few meas-

urements to ensure proper calibration of the device. For moving the servo we used power 

supply with current and voltage control. The power supply has limit up to 30 V and 5 A 

of current. Our servo is however limited to 24 V and 3.5 A. 

During the testing, we needed around 20 degrees in both directions, before torque 

meter started showing values. This was because the backlash in the system and also the 

meter is only showing value, if the torque exceeds 6 Nm. However, we do not believe this 

will significantly affect the results. 

In testing we set voltage for maximum, that is 30 V and limited the current to 0 A. 

Then, we connected positive and negative cable and slowly increase the limit for current, 

till the all backlash was gone. Once we were sure, that all backlash was eliminated, we 

increased current limit to maximum, and read out the torque on the torque meter. While 

the power supply can provide 30V 5A, maximum values reached 24 V and around 4 A. 

This means, the limits were set by the servo electronic, and servo always used maximum 

available power. For changing directions, we manually changed the cables and repeated 

the measurement in other direction. 
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Figure 5 Testing setup 

The torque meter has operating range from 6 Nm up to 30 Nm with resolution 0.1 

Nm. The torque meter was connected to the Trantorque M shaft/hub connection on the 

one end, and on the second end was connected to the lever. This lever was not fixed, hover 

its movement was limited by two small towers. During the testing, we did not observe 

any slips, strokes or jerks, that could invalid the results. 

4. RESULTS 

We took multiple measurements in both directions. After few cycles, we noticed that 

the values were repeating itself. Table below shows the highest measured value for each 

segment of rotation. 

Table 2. This is a table. Tables should be placed in the main text near to the first time they are 

cited. 

Rotation Clockwise Counterclockwise 

0° 9.5 Nm 21.6 Nm 

60° 9.5 Nm 21.2 Nm 

120° 9.8 Nm 20.2 Nm 

180° 9.9 Nm 20.2 Nm 

240° 9.0 Nm 19.1 Nm 

300° 9.0 Nm 21.0 Nm 

We were able to reach up to 62.5 % of maximum possible torque for the counterclock-

wise direction and 75 % of continuous maximum torque for clockwise direction. That 

indicates very high internal friction, or big manufacturing imperfection. 

One of the ways for decreasing the friction is to use different material for bearing with 

lower friction coefficient. This will however mean changing the entire inner parts, and 
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also redesign the tensioning mechanism, as well as entire rotating section. These changes 

are too radical for implementing in this prototype. Therefore, we are going to design 

new improved version as new generation. This will also allow us to change bearings 

configuration from Back-To-Back to Front-To-Front, which should further improve effi-

ciency of the servo. 

5. Conclusions 

In this article we measured the available torque in multiple positions for Universal 

Rotary Module. These tests were important to evaluate, how friction and manufacturing 

imperfections are impacting the performance of our prototype. We discovered, that the 

device has only 75% of maximum possible torque. Based on that we can assume, we need 

to further improve bearings by changing the material with lower friction coefficient and 

also change alignment of these bearings, as these loses can negatively impact perfor-

mance. For future prototype we would like to achieve at least 95% efficiency. All these 

changes are going to be implemented in future generation of URM. Old generation is go-

ing to be used for different tests. 
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Abstract: The aim of this article is to propose a methodology for individual arm and forearm ortho-

sis design using innovative methods such as 3D scanning, CAD modeling and additive manufac-

turing. The orthosis was designed in a CAD software and the development process was based on a 

subject’s 3D scan of the upper limb. A specific pattern has been applied on the orthosis and the 

manufacturing simulation has been performed. 

Keywords: upper limb orthosis, body 3D scanning, orthotic device design, CAD modeling, additive 

manufacturing 

 

1. Introduction 

An orthosis, or orthotic device, is a device applied to the body that replaces lost mus-

culoskeletal function or helps to restore lost or damaged function, stabilize, or immobilize 

a body part, correct position, prevent deformation, protect against injury, or assist in 

movement. [1,2] 

The innovation of the technological process of orthosis production with the use of 

modern technologies may consist in the phase of collection of measurement data and sub-

sequent conventional production or in the modernization of the whole process of taking 

measurements, orthotic device design and its production. The innovation of the techno-

logical process of data collection consists in the use of 3D scanners and computer pro-

cessing of scanned data into a 3D model, which replaces manual sampling and acquisition 

of gypsum positive and use of subtractive or additive method of positive production. The 

innovation of the orthosis production process also consists in the digital CAD (Computer 

Aided Design) modeling of an individual orthosis in a suitable software, which is pro-

duced using additive technologies. [3-11] 

The aim of this article is to propose a methodology for individual arm and forearm 

orthosis design using innovative methods and technologies. 

2. Materials and Methods 

2.1. Individual orthosis design 

Autodesk Meshmixer software (Autodesk, Inc., San Rafael, CA, USA) was used to 

create the digital orthosis model. It is a freely available modeling software in which it is 

possible to create and edit 3D objects and contains functions suitable for the design of 

prosthetic and orthotic devices. The individual hand and forearm orthosis design consists 

of three parts: 

1. Sketch of the contact surface of the orthosis, 

2. Creation of the orthosis shell, 

3. Dividing the orthosis into 2 halves. 

In the first step, it is necessary to sketch the contact area of the orthosis with its 

boundaries on the 3D positive (Figure 1a). At the distal end, the orthosis should encircle 

the thumb with the area of its MCP (metacarpophalangeal) joint and the MCP finger joints 
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at the proximal side, and at the proximal end of the orthosis, it should encircle the forearm, 

distal to the elbow bone. Its boundaries are drawn transversely across the forearm at the 

proximal end and transversely across the MCP areas of the hand joints, omitting the area 

between the thumb and forefinger. 

After creating a sketch of the contact surface of the orthosis, it is necessary to create 

a gap/offset (1 mm) between the orthosis and the positive. With this setting, an orthosis 

shell is created at a constant distance from the surface of the 3D positive. 

After the shell creation and separation from the 3D positive model, it must be divided 

into 2 halves (Figure 1b). The division of the device model is necessary to be able to apply 

the device to the given area of interest. The division is made by cross-sections along the 

orthosis model on the radial and ulnar side of the forearm and at the point between the 

thumb and forefinger. 

 

  

(a) (b) 

Figure 1. (a) Sketch of the contact surface; (b) Two halves of the orthosis shell. 

2.2. Applying patterns in individual orthosis design 

Before applying a pattern to a device, it is important to evaluate the number of trian-

gles on the device model. The pattern function works with this triangle grid and the final 

design depends on the layout and size of the triangles. The thinner the network, the 

greater the space between the individual elements and vice versa. As the design depends 

on the size, number, and arrangement of the triangles, it is necessary to increase the den-

sity at the edges of the models to maintain the boundaries of the device after the applica-

tion of the pattern (Figure 2a). After activating the function, it is necessary to set the pa-

rameters as required. In this case the pattern element dimension is 2 mm, and the spacing 

of the pattern element is 0,2 mm (Figure 2b). 
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(a) (b) 

Figure 2. (a) Increasing of the density of triangles at the edges of the models; (b) Orthosis with applied patter. 

 

At this stage, it is necessary to design the components that will serve to connect the 

two halves of the orthotic device. These handles are designed in SOLIDWORKS software 

(Dassault Systems, Waltham, USA), as Meshmixer is not suited for parametric model de-

sign. These parts must be positioned where the dividing line of the orthosis halves is cre-

ated. It is advisable to place 3 handles on the radial side, 3 on the ulnar side and 1 on the 

area between the thumb and finger (Figure 3). 

 

 

Figure 3. Orthosis with applied handles. 

After the final inspection of the 3D orthosis model and evaluating that the model is 

suitable for production, it is necessary to export the model to STL format so it can be im-

ported into the 3D printer software (Figure 4). 
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(a) (b) 

Figure 4. (a) Final orthosis model assembly; (b) Final orthosis model assembly divided into 2 halves. 

3. Results 

Preparation of CAD models for additive production consist in uploading the model 

to software designed to set individual parameters of the 3D printing process. The choice 

of software depends on the additive production technology used. Since prosthetic and 

orthotic devices are designed for production using FFF (Fused Filament Fabrication) tech-

nology, a suitable software for setting printing parameters is, for example, the freely 

downloadable PrusaSlicer (Prusa Research, Prague, Czech Republic). 

In the case of the hand and forearm orthosis with an individual design, positioning 

to the ideal position is more complicated, due to the number of perforations on the surface 

of the device. In this case, it is necessary to focus mainly on the fact that no support struc-

tures are generated on the contact surface, that the layering orientation is in the transverse 

plane and that it is a large model to have enough support structure on the model to pre-

vent deformation. For these reasons, it is necessary to position the model so that the dorsal 

surface of the orthosis is positioned towards the working platform and the angle that the 

model arch towards the platform is large enough to meet the layering orientation and the 

amount of support material conditions (Figure 5). 

 

Figure 5. Production simulation of 1 half of the orthosis. 
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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. The code is loaded 

into the printer's memory and the production is manually activated. 

4. Discussion 

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 

modeling the orthotic device in CAD software, and subsequent additive manufacturing. 

This innovative method in the hands of experts replaces unpleasant and time-consuming 

plastering. Thanks to this technological process, it is possible to achieve higher accuracy, 

speed of production of the device, a new level of comfort for the patient and functionality 

in the field of orthotics and prosthetics. The 3D scanning technique is used for data collec-

tion. The obtained data are processed by a computer software that creates a three-dimen-

sional image of the model, where the CPO (Certified Prosthetist Orthotist) can make cor-

rections to create the final positive model. Software tools allow the professional to use a 

wide range of adjustment tools, including rotation, rotation, scaling, levelling, and adding 

pressure or relief points. 

Digitization brings better control over the creation of orthotic devices and at the same 

time respects the "know-how" of the traditional method of production and the creativity 

of the CPO. 

The creation of digital models also brings other possibilities, such as the analysis of 

possible problems that may arise because of the design, material selection and errors in 

connection with the production process. The virtual model of the orthotic device in the 

appropriate format includes not only the device model itself, but also the parameters of 

the production process and the choice of material. 

5. Conclusions 

The methodology of design and preparation of an individual arm and forearm or-

thosis using CAD technology was presented. The procedures given in the methodology 

can also be used in the production process of other prosthetic and orthotic aids and de-

vices, in the design of new, low-cost prostheses and orthoses, and for educational pur-

poses in the field of prosthetics and orthotics. 
 

Acknowledgments: This article was developed with support Slovak Research and Devel-

opment Agency under the contract No. APVV-19-0290, project KEGA 044TUKE-4/2022 

Implementation of progressive technologies in prosthetics and orthotics education and 

support integration with practice, project KEGA 023TUKE-4/2020 Increasing the synergy 

of methods of teaching biophysics using laboratory equipment and diagnostic devices 

aimed at measuring physical and is the result of the project implementation CEMBAM - 

Center for Medical Bioadditive Research and Production, ITMS2014+: 313011V358 sup-

ported 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] Živčák, J. et al.: Individuálna ortotika horných končatín - 1. ed. Košice. 2016. p. 179 s. ISBN 978-80-553-3110-2. 

[2] Bowers DM, Chui KK. Neurological and Neuromuscular Disease Implications for Orthotic Use. In: Orthotics and Prosthetics 

in Rehabilitation. 4th ed. 2020. p. 259-293. DOI: 10.1016/B978-0-323-60913-5.00010-6. 

[3] Lunsford TR, Contoyannis B. Materials Science. In: Atlas of Orthoses and Assistive Devices. 5th ed. Philadelphia. 2019. p. 

7-41, DOI: 10.1016/B978-0-323-48323-0.00002-0. 



Novus Scientia 2023  
 

269 

 

[4] Supan TJ. Principles of Fabrication. In: Atlas of Orthoses and Assistive Devices. 5th ed. Philadelphia. 2019. p. 42-48. DOI: 

10.1016/B978-0-323-48323-0.00003-2. 

[5] Jorge M. Orthotics and Prosthetics in Rehabilitation: Multidisciplinary Approach. In: Orthotics and Prosthetics in Rehabili-

tation. 4th ed. 2020. p. 2-13. DOI: 10.1016/B978-0-323-60913-5.00001-5 

[6] Palousek D. et al. Pilot study of the wrist orthosis design process. Rapid Prototyping Journal, 2014, 20.1: 27-32. 

[7] Zuniga J. et al. Cyborg beast: a low-cost 3d-printed prosthetic hand for children with upper-limb differences. BMC research 

notes, 2015, 8.1: 10. 

[8] Zuniga J. M., et al. An open-source 3D-printed transitional hand prosthesis for children. JPO: Journal of Prosthetics and 

Orthotics, 2016, 28.3: 103-108. 

[9] Buonamici F. et al. A Practical Methodology for Computer-Aided Design of Custom 3D Printable Casts for Wrist Fractures. 

The Visual Computer, 36:375-390. DOI: Https: 10.1007/S00371-018-01624-Z. 

[10] Hale L., Linley E., Kalaskar, D.M. A Digital Workflow for Design and Fabrication of Bespoke Orthoses Using 3d Scanning 

And 3D Printing, A Patient-Based Case Study. Scientific Reports, 2020, 10:7028. DOI: 10.1038/S41598-020-63937-1. 

[11] Štefanovič B. et al. Arm and Forearm Scanning Methodology for The Development of An Orthotic Device for Tetraplegic 

Patients. In: Proceedings Of 3dbody.Tech 2020 - 11th International Conference and Expo On 3D Body Scanning and Pro-

cessing Technologies. 17-18 November 2020. Online/Virtual. 

 



 

 

    

270 
 

Design and setup of a robotic workstation for additive manu-

facturing 

Pavol Štefčák 1*, Ivan Gajdoš 2*, Ján Slota 3* 

1 pavol.stefcak@tuke.sk 
2 ivan.gajdos@tuke.sk  
3 jan.slota@tuke.sk 

* Slovakia, Technical University of Košice, Department of Technology, Materials and Computer Supported 

production, Mäsiarska 74,040 01 Košice 

Additive manufacturing based on thermoplastic polymers has expanded into several areas of 

production in recent years due to its increasingly affordable cost. One of the biggest limitations of 

conventional polymer 3D printers is the size of the build space they offer, their printing speed and 

the cost of the filament needed for printing. The current solution to these limitations is the continued 

development of ever larger AM devices. Current trends include the development of large gantry 

printers and the development of Robotic 3D Printers which are a cheaper alternative while still be-

ing able to offer superior print volume and performance. The content of the study discusses the 

current status and trends in the field of Large format additive manufacturing (LFAM), the technol-

ogy of fused granullar fabrication (FGF) and the functional design of a robotic workstation for large-

scale additive manufacturing and its set up . Several CAx technologies were used in the implemen-

tation of the work. CAD software Solidworks, CAM software RoboDK and Slicer Ultimaker Cura. 

The first print samples were subsequently produced using these tools. 

Keywords: Robotic additive manufacturing; Large format additive manufacturing; Fused Granular 

Fabrication; CAx; 

 

1. Introduction 

LFAM is slowly coming to the fore as a cost-effective and flexible solution for the 

production of large parts and components in specific areas of industry. It has the potential 

to solve many of the challenges that manufacturers face in producing larger parts, but 

given that most of the currently available 3D printers have been developed for smaller 

parts, components of greater size and weight, such as aircraft wings, various ship parts, 

moulds or turbines require larger printing areas and tooling to produce. This ultimately 

translates into higher production costs and longer lead times. This is where 3D printing 

technologies that can produce large parts faster and cheaper come into play [1]. One of 

the current challenges is not only to meet the demand for the production of large-scale 

components where conventional 3D printers are reaching their limits in terms of print 

space and flexibility, but also to identify new areas of application. The ability to print 

components with a volume of several cubic meters and to print on curved surfaces thanks 

to the flexible motion of the robot are processes that are difficult to implement using con-

ventional printing methods while maintaining the process speed and build quality ex-

pected from conventional 3D printing. The current state of development is impressive, 

high-temperature components as well as heat treatment capabilities of plastics should en-

able the use of high-performance plastics in the near future [2]. 
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Currently, several types of additive technologies are used for the needs of LFAM by 

gantry and robotic workplaces, with the help of which is possible to produce three-dimen-

sional products for example by: 

• Polymer extrusion 

• Concrete and ceramics extrusion 

• Extrusion of continuous carbon filament with thermoplastics 

• Coating and other methods [3]. 

  

Due to the mentioned advantages and the need of implementation of this technology, 

relatively low cost large-scale additive manufacturing workplace was Designed and op-

erationalized, using FANUC M-20iB/25 industrial robot [4], which was complemented by 

the end part of the MDPH2 extrusion head from Massive Dimension with FGF technology 

that allows printing of commonly available thermoplastic materials in the form of granu-

lates [5]. Material extrusion with FGF technology in general allows material flow rates 200 

times higher than conventional FFF technology [6], Thanks to the printing material used 

in the form of granules, which are extruded directly onto the substrate after melting, ad-

ditive manufacturing eliminates the heating cycle required for filament production. The 

result is an increase in the mechanical properties of the printed product, a reduction in the 

cost of the input material for its production (Table 1) and reduction in the delivery time 

to the end customer [7]. The input material in pellet form, together with new ways of 

generating layers, enables new applications of high performance plastics while maintain-

ing the speed of the process and the required quality of the product [8]. 

 

Table 1. Comparison of prices of filament and granules [9]. 

Type Filament price [€/Kg] Price of granulate [€/kg] 

PLA 30,52 8,39 

PLA+ CF 61,04 7,66 

PETG 30,52 4,5 

ABS 30,52 8,39 

ABS+CF 45,78 27,66 

HIPS 30,52 8,4 

PEEK 567,48 16,03 

PEI 209,82 26,72 

      

 

In context of design and set up of large scale robotics additive workstation several 

CAx technologies have been used such as:  

• Solidworks CAD software with XTract3D reverse engineering plugin  

• CAM software RoboDK for the purpose of offline simulation of toolpath motion 

and conversion of NC code into code for industrial robots  

• Cura, a freely available slicing software from Ultimaker for nozzle path motion 

generation  

The design of the workstation involved the use of reverse engineering to create a 

CAD model of the printhead which was only available in STL format. The CAD model of 

the printhead was then used to model an adapter to connect the printhead to the FANUC 

robotic arm and the RoboDK CAM software to simulate the movement of the printhead 

and avoid collision with the robotic arm. 

The CAD model of the print head will find its use in future workstation improve-

ments and new additive manufacturing methods using 6 degrees of freedom, gradient 
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printing and non-planar printing. The CAD model of the FANUC robot can be accessed 

in the RoboDK CAM software as part of the robot library. 

The design of the new robot frame ensured the required stiffness of the arm and its 

easy handling using available scrap material of faculty. The design of the building plat-

form with the print pad allows the full potential of the robotic arm's reach to be exploited, 

with an emphasis on maximising the size of the print volume (Figure 1). 

 

 

 
b) 

 

 
a) 

Figure 1. Model of robotics additive manufacturing workstation in a) Solidwork CAD software and b) RoboDK CAM software [10]. 

 

MDPH2 Massive Dimension extrusion head allows extrusion of commonly available 

thermoplastic materials with a melting temperature of up to 450°C and a throughput of 

up to 1kg/h. This extrusion head can be fitted with a nozzle diameter of 1.5mm, 3mm or 

nozzles with a slightly smaller or larger diameter can be used as required [5]. After the 

electrical connection and subsequent recovery of the robotic workstation followed the 

printing of the first test samples and optimization of production parameters such as the 

speed of movement of the print head, granulate melting temperature, material extrusion 

speed and adjustment of input data related to the setting of G-code generation in Slicer 

Ultimaker Cura and CAM program RoboDK. PETG pellets were used to print the sam-

ples. 

In the preprocessing process, we varied the size of the print nozzle diameter in Slicer 

and changed the distance of the zero point from the print nozzle in the CAM program 

RoboDK in order to achieve a satisfactory printing result of the first layer.  

The best first layer printing results were with a nozzle diameter of 1.55mm. In order 

to maximize the speed of the robotic arm, we tried to find the maximum possible printing 

speed. At a speed of 100 mm/s, we re-calibrated the material extrusion speed by increasing 

the time interval of sending pulses to the extrusion motor via the Modbus Poll program. 

The best results were obtained at 210°C and with a pulse every 2600 [ms] (Figure 2). 
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Figure 2. Samples at a print speed of 100 mm/s with increasing pulse interval to the extruder motor 

[10]. 

After successfully managing the printing of the first layer, we moved on to multi-

layer printing where we found out right after the first sample that the speed of 100 mm/s 

was too high and the material was not able to cool down fast enough to keep the desired 

shape. It was therefore necessary to reduce the printing speed to 50 mm/s to increase the 

pulse transmission interval or to use additional cooling (Fig. 5). 

 

 
Figure 3. First three dimensional samples printed on robotics additive manufacturing workstation 

[10].  
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To verify the printing of overhangs, we designed a custom sample to verify the max-

imum overhang angle that can be printed in this configuration, given the parameters and 

material used, how it can handle the printing of internal and external curves, and how the 

surface will look at obtuse and acute angles (Figure 4). 

 

 
Figure 4. Print results of designed sample [10]. 

3. Results 

The printing results (Figure 4) of the test sample showed that the robotic workstation 

has successfully passed the implementation phase has ability to print overhangs up to 40° 

inclination while maintaining a constant product shape. The design quality of overhangs 

larger than 40° decreases with increasing inclination, but under certain conditions, for ex-

ample, when the product allowance is set correctly for subsequent machining by milling 

or grinding, they can be considered an acceptable compromise of design and resulting 

print quality. 

Since we were able to print multiple samples and other three-dimensional objects 

with the current process parameter settings, we will need to use a nozzle with a larger 

diameter when printing large objects in order to achieve acceptable production times and 

re-adjust the process parameters individually. 

4. Discussion 

We have created a robotic workstation providing a printing volume of 2.5 𝑚3. By 

optimizing production parameters such as the speed of the print head movement, granu-

late melting temperature, material extrusion speed and by adjusting the input data related 

to G-code generation settings in Slicer Ultimaker Cura and CAM program RoboDK, the 

workplace is able to print objects in three degrees of freedom up to a height of 1m with 

40% overhangs of acceptable quality. 

Further research will focus on the area of non-planar 3D printing with full use of the 

robot's 6 degrees of freedom, algorithmic layer generation for large-scale additive manu-

facturing, and a deeper exploration of the possibilities of hybrid robot manufacturing us-

ing a milling spindle to create dimensionally accurate products. 
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Abstract: Automobile emission standards are becoming increasingly strict, resulting in the creation 

of new technologies to reduce toxic matters which are present in exhaust gases while reaching max-

imum possible performance of the vehicle´ combustion engine. One of the possible solution is cyl-

inder deactivation technology. Under suitable conditions, this technology turns off combustion on 

the required cylinders, thereby reducing the emissions produced by the engine during combustion 

process. A catalytic converter is another emission reducing technology used in automotive industry. 

The catalytic converter belongs to the most important part of the exhaust system, due to the removal 

of toxic matter from exhaust gases and which ensures meeting emissions standards. Possibility to 

maintain maximum engine performance and minimum emission values for reaching emission 

standards can be achieved by combining these two technologies. The article´ main goal is construc-

tion idea of exhaust system which utilizes cylinder deactivation and catalytic convertor technology.   

Keywords: exhaust, emissions, exhaust valve, cylinder deactivation 

 

1. Introduction 

One of the ways manufacturers reduce fuel consumption is by reducing the sizes of 

the engines they build and offer in production cars. However, the volume of the cylinder 

can only be reduced to a certain extent in order to maintain the thermodynamically ideal 

volume capacity of 400 to 500 cm3 per cylinder. In practice, therefore, downsizing often 

leads to a reduction in the number of cylinders. 

"Temporary downsizing" in the form of cylinder deactivation offers an attractive 

compromise as it allows the engine to shift its operating mode to achieve specific con-

sumption values for which it is designed, especially at low loads and operating speeds. 

At the same time, the user still has sufficient engine power available, which ensures the 

same level of driving dynamics and comfort with respect to acoustics and vibration char-

acteristics. 

Cylinder deactivation technology can be integrated into already existing engine con-

cepts, allowing for a reduction in research and development costs. 

The catalyst as a part of the exhaust system is an indispensable part in today's cars, 

thanks to which the emissions produced by the internal combustion taking place in the 

internal combustion engine are reduced. 

The 3D design of the exhaust system, specially designed for the cylinder deactivation 

technology, which utilizes a valve system to bypass the primary catalyst after the engine 

has warmed up to operating temperature is one of the possible solutions that can be used 
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in modern cars. The exhaust construction design was the main goal of the article for fur-

ther analysis and tests to optimize the design of the exhaust system. The proposal is de-

tailed in the text of the article [1-8]. 

2. Cylinder Deactivation Technology 

The most consistent form of cylinder deactivation is not only the interruption of in-

jection and ignition for the respective cylinders, but also the stopping of all moving parts 

(including pistons). This in turn uses the entire available thermodynamic potential and 

significantly reduces the friction that arises inside the engine. It goes without saying that 

there are trade-offs to be made when it comes to firing order and dynamic balance. But 

far more important is the cost required to separate the engine into an area that continues 

to run while the other area is activated and deactivated as needed. Even the connecting 

mechanisms on the crankshaft and camshaft cannot be justified by cost-benefit analysis, 

and therefore the implementation of the system is currently not easy. Almost all cylinder 

deactivation systems in use today interrupt the injection and ignition as well as valve ac-

tuation sequences for the cylinders to be deactivated. Today's applications range from 4 

to 12 cylinder engines. However, the analyzes carried out show that temporarily deac-

tivating one of the cylinders in a three-cylinder engine can also reduce consumption. To 

ensure that the engine continues to run smoothly enough, only certain cylinders are deac-

tivated according to the firing order. 

If there is a specific performance requirement, cylinders that are still in operation 

after cylinder deactivation must produce a higher mean pressure. This displacement of 

the load point leads to a reduction in engine losses and ultimately helps to save fuel. Valve 

deactivation also reduces friction losses in the cylinder head, which further minimizes 

consumption. 

The potential for reduced consumption when the engine is operated on two cylinders 

instead of four can be graphically displayed in Figure 1. The red line shows the mean 

pressures at which an engine operating in two-cylinder mode can reach its optimal com-

bustion point (crankshaft position 8° after TDC.). 

 
Figure 1 Four-cylinder and two-cylinder mode comparison 

When higher intermediate pressures are introduced in two-cylinder mode, the igni-

tion sequence must be slowed to prevent knocking. As a result, combustion no longer 

reaches its peak efficiency and more fuel is consumed. Opening the throttle prevents this 

even more and has a positive effect on consumption in cylinders with higher mean pres-

sure. The green line represents the theoretical switching or transition line, as operating the 

engine above these values in twin-cylinder mode results in additional fuel consumption 

[1-4]. 
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3. Catalytic Converter 

In the casing of this exhaust part, there is a chamber called a catalyst, which serves to 

change harmful compounds from engine emissions into safe gases, such as steam. The 

function is that it breaks down the dangerous molecules in the gases produced by the 

combustion engine before they enter the air. 

The catalytic converter (Figure 2) is located on the underside of the vehicle. Two 

pipes come out of it. The converter uses these two pipes and the catalyst during the pro-

cess of ensuring the discharge of gases. 

Gases are supplied from an inlet pipe connected to the vehicle's engine. These are 

blown through a catalytic converter, which causes a chemical reaction that breaks down 

pollutants. Less harmful gases pass through a second pipe or outlet that is connected to 

the car's exhaust. 

 
Figure 2 Catalytic Converter 

There is also an oxygen sensor near the catalytic converter that informs the electronic 

control unit about how much oxygen is in the exhaust gases. This helps create a more 

efficient air/fuel ratio, allowing the engine to supply enough oxygen to the catalytic con-

verter to complete the oxidation process [1-4]. 

4. Structural design of the cylinder deactivation exhaust system and catalyst 

The design of the exhaust system specially adapted for this specific use is based on 

systems that can be found in cars already in production. The goal of the exhaust system is 

to increase engine performance while maintaining the required emission standards. 

The overall design is based on the operation of the engine with cylinder deactivation, 

with cylinders 1 and 3 operating continuously after the engine start with the possibility of 

supercharging the engine (passage of exhaust gases through the turbocharger) and cylin-

ders 2 and 4 operating as needed higher performance (constant passage of exhaust gases 

through the turbocharger) such as when overtaking or driving uphill. 

The designed exhaust system consists of several elements. The exhaust manifold that 

connects the cylinders with opposite work cycles was designed first, otherwise, the oper-

ation of the engine would be impossible or significantly more difficult. 
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Figure 3 Exhaust manifold design 

Figure 3 shows the designed exhaust pipes for an engine whose 1 and 3 cylinders 

operate in opposite combustion cycles as well as cylinders 2 and 4. 

The design includes a valve system, the function of which is to divert exhaust gases 

from the pipe leading to the turbocharger during the time until the engine reaches oper-

ating temperature together with the secondary catalyst. 

 
Figure 4 Exhaust valve 

The exhaust valve, which serves to direct the exhaust gases, is shown in Figure 4. 

This flap is used to split the exhaust gases between the two pipes of the exhaust system, 

with one pipe leading the exhaust gases through the turbocharger to the secondary cata-

lytic converter and the other bypassing it and leading through the primary catalytic con-

verter to the secondary catalytic converter. 

The exhaust pipes together with the exhaust valve are shown in Figure 5. 

 
Figure 5 Exhaust manifold with exhaust valve 
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The exhaust pipes of cylinders 1 and 3 can lead the exhaust gases through the open 

valve to the turbocharger or, with the valve closed, through the primary catalyst as men-

tioned earlier in the article. At an engine temperature other than the operating one, the 

exhaust valve is closed due to higher emissions produced by the engine during its opera-

tions, and for that reason, the gases flow through the primary catalyst, where they par-

tially get rid of toxic substances. The primary catalyst is shown together with the pipeline 

in Figure 6. 

 
Figure 6 Exhaust system with primary catalytic converter 

The exhaust gases, partially freed of toxic substances, flow into the main catalyst, 

which they heat up, thereby increasing its efficiency, and subsequently, freed of toxic sub-

stances, they proceed to the remaining parts of the exhaust system. The function of the 

gases to heat the main catalyst is very important, since when the remaining cylinders are 

activated, the toxic gases flow directly through the turbocharger, without getting rid of 

unwanted substances, which must be removed due to emission standards. The main cat-

alyst, heated to operating temperature, subsequently rids the exhaust gases of toxic sub-

stances flowing from the turbocharger, but also from the primary catalyst. 

 
Figure 7 Exhaust system with primary and main catalytic converter 

Cylinders 2 and 4 connect to a second manifold that directs the flow of exhaust gases 

to a turbocharger that increases engine power by compressing the intake air. The exhaust 

pipes of cylinders 2 and 4 are shown in Figure 8. 

 
Figure 8 Exhaust system with turbocharger 

Exhaust gases from the turbocharger are combined with gases from the primary cat-

alyst and subsequently flow into the main catalyst, where they get rid of toxic substances. 
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Figures 9 show the overall design of a valve exhaust system for an internal combustion 

engine with cylinder deactivation. 

 
Figure 9 Overall design of the exhaust system with description: 1. Exhaust manifold, 2. Exhaust 

valve with exhaust pipes, 3. Exhaust coupling, 4. Primary catalytic converter, 5. Turbocharger, 6. Turbo-

charger downpipe, 7. Exhaust pipe with exhaust coupling Main catalyst, 8 Main catalytic converter 

5. Conclusions 

The aim of this article was the design of an exhaust system for application in an en-

gine with a cylinder deactivation system. The technical solution was based on information 

and knowledge from real cars available on the car market. 

The proposal consisted of the creation of important components of the exhaust sys-

tem, which are essential for the proper removal of exhaust gases and the removal of toxic 

substances of these gases. 

The created exhaust system was designed to optimize vehicle performance in condi-

tions where maximum engine power is required and in conditions when minimum power 

is sufficient, with an emphasis on maintaining the emission standards required by indi-

vidual states. 

With further research and simulations in 3D simulation programs, it is possible to 

optimize the shape and eliminate the errors that may be present in this design. 
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Abstract: Industrial robots are an essential part of manufacturing. Redundant robots are a subclass 

of robot with unique characteristics like compliance and high dexterity ideal for applications in ag-

riculture, medicine, or collaborative tasks in general. In this paper an overview of research articles 

dealing with the design and control of redundant robots was presented and an analysis containing 

the publishing dates was caried out. The interest in research on the topic of redundant robots is 

accelerating. The robots in question were mostly different from standard industrial robots not only 

by a greater number of degrees of freedom but also by their morphology. The probable reasons are 

also discussed. 

Keywords: industrial robot, redundant, trends 

 

1. Introduction 

Industrial robots are a critical part of manufacturing industry like car manufacturing, 

integrated circuit manufacturing and many others. In these traditional fields of indus-

trial robot use the task, workspace and boundary conditions are well defined. The 

research and development of these robots has been done for many decades and they 

are well understood. These robots are usually driven by electrical or hydraulic actua-

tors. In recent years there is a push to apply industrial robots and robots similar to 

them in applications that have a variable time dependent task, workspace and bound-

ary conditions. Examples of such applications are produce picking, selective weeding, 

applications in agriculture in general and applications in medicine like minimally in-

vasive surgery. Robots that can fulfill these tasks need to have properties that stand-

ard robots lack, mainly compliance and high obstacle avoidance capability. Both re-

quirements can be facilitated by redundancy. The basic definition of redundancy is 

given by [1] and it says that a redundant robot is every robot that has more degrees 

of freedom than is necessary for completing a certain task. Redundancy is task de-

pendent. Nevertheless, in a loose sense for a general-purpose robot and for general 

tasks that need to be performed in 3d space several degrees of freedom greater than 

six are considered to be redundant. In this article new designs of robots will be dis-

cussed, their applications and the overall interest for these robots in research will be 

presented.  

 

2. New types of redundant robots 
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Redundant robots can have a vastly different morphology and be driven by more ex-

otic types of actuators compared to classic 6R serial industrial robots. According to [2] 

and [3] redundant robots can be categorized according to their morphology in to the 

following categories and shown in Figure 1:  

• Discrete robots- redundant robots most resembling basic industrial robots, 

but with more joints/links 

• Cascade robots- In general these robots consist of in serial connected parallel 

platforms 

• Continuum robots- they have infinite or queasy infinite underactuated de-

grees of freedom. They can be further subdivided into three categories: 

o Soft continuum robots- have infinite degrees of freedom in all parts 

of the robot 

o Hard continuum robots- has infinite degrees of freedom but they are 

situated along a central spine 

o Discrete continuum robots- have similar macroscopic behavior than 

hard continuum robots but do not have infinite degrees of freedom 

 

Figure 1 Redundant robot types 

4. Current fields of research in redundant robots 

In the Table 1 it can see the types and some of the design properties of redundant 

robots used both in research and in the industry. The overview was done for articles 

published up to year 2021 

Table 1 Overview of articles involving redundant robots 

n.o 

Arti-

cle 

Type Subtype 

Total 

dof 

Actuator Year Use n.o 

Arti-

cle 

Type Subtype 

Total 

dof 

Actuator Year Use 

1 [4] continuum discrete 16 el. mot. 2019 research 21 [24] continuum soft n bellows 2019 research 

2 [5] continuum discrete 20 el. mot. 2018 research 22 [25] continuum soft n bellows 2012 research 

3 [6] continuum discrete 30 el. mot. 2013 research 23 [26] continuum soft n bellows 2017 research 

4 [7] continuum discrete 30 el. mot. 2012 research 24 [27] discrete   9 el. mot.   industrial 

5 [8] continuum discrete 97 el. mot. 2021 inšpekcia 25 [28] discrete   7 el. mot.   industrial 

6 [9] continuum discrete 20 el. mot. 1968 

research; un-

derwater 

26 [29] cascade   3 bellows 2020 research 

7 [10] continuum discrete 32 el. mot. 1999 research 27 [30] cascade   18 el. mot. 2020 research 
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8 [11] continuum discrete 

7+ 

(19) 

bellows + pneu 

rotation  mot 

2019 colaborative 28 [31] cascade   3 el. mot. 2005 research 

9 [12] continuum hard n el. mot. 2015 research 29 [32] cascade   15 

el. mot./ ny-

lon muscles 

2020 research 

10 [13] continuum hard n el. mot. 2020 research 30 [33] cascade snake 14 el. mot. 2020 

research; 

inspection 

11 [14] continuum hard n bellows 2019 research 31 [34] cascade snake 20 el. mot. 2020 research 

12 [15] continuum hard n el. mot. 2020 research 32 [35] cascade snake 15 el. mot. 2003 inspection 

13 [16] continuum hard n bellows 2019 

research; pod-

morský zber  

33 [36] cascade   3 

el act. 

polymér 

2002 research 

14 [17] continuum hard n bellows 2009 

loboratórne, 

inšpekčné 

34 [37] cascade snake 7 el. mot. 2011 surgical 

15 [18] continuum soft n 

hybrid- el. mot./ 

bellows 

2015 research 35 [38] cascade snake 9 el. mot. 2015 surgical 

16 [19] continuum soft n bellows 2013 research 36 [39] cascade snake 32 el. mot. 2019 

research, 

surgical 

17 [20] continuum soft n bellows 2020 research 37 [40] cascade snake 30 el. mot. 1994 research 

18 [21] continuum soft n 

hybrid- el. mot./ 

bellows 

2016 research 38 [41] cascade   7 el. mot. 2004 research 

19 [22] continuum soft n bellows 2014 

research, surgi-

cal 

39 [42] cascade snake - el. mot. 2006 

research, 

surgical 

20 [23] continuum soft n bellows 2019 research 40 [43] cascade snake 105 el. mot. 2009 

research, 

surgical 

The above table is summarized in Figure 2, where the x axis is the year of publishing 

of an article describing a redundant robot and the y axis is the number of the article 

in the table. 

 

Figure 2 Development of interest in research in the field of redundant robot design 
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4. Discussion 

As can be seen from the above overview, the interest in research and development in the field of 

redundant robots has increased dramatically in the past twenty years. New and exotic designs 

emerge mainly as research platforms. The reasons for this trend are multiple. The first is the need 

to automate processes that had traditionally been performed by human laborers like the already 

mentioned produce picking, in other words, processes with not fully defined parameters. The sec-

ond mayor factor is the decreasing cost of rapid prototyping technologies and increased availability 

of cheap powerful electronic hardware and the advent of new materials allowing for quick and 

cheap development of prototypes. The last factor is the fact that all new research regarding classic 

industrial robot design and control because of the extend of previous research usually yields only 

incremental results whereas research in the design and control of redundant robots gives ample 

opportunity for significant contributions. It is safe to assume that thanks to these factors, the field 

of redundant robotics will continue to rapidly evolve and the application of redundant industrial 

robots in agriculture and medicine will follow in the next years. 

5. Conclusions 

This article discusses new trends in industrial robot research which mainly focus on development 

of redundant robots of nonstandard morphology. An overview of the research on this topic has been 

performed and summarized both in a graph and table form. An appreciable increase in the amount 

of research papers on the topic of redundant robots can be seen starting from year 2000. Possible 

reasons for this development were discussed and three were identified as simple and cheap proto-

type manufacturing, emergence of new fields of application and non-exhausted field of research. It 

can be expected that the trend of high interest in the field of redundant robot research and develop-

ment will continue in the future.  
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Abstract: Despite the rapid progress of several additive technologies, there is a critical barrier to the 

processability of high-performance materials. Polyether-ether-ketone (PEEK) is known for its 

mechanical properties, biological and chemical stability and biocompatibility suitable for 

biomedical applications. The main challenges of using PEEK material in additive FDM technology 

are the high melting temperature of 340°C and viscosity. The paper deals with the evaluation of 

printed implant deviations, wall thickness and porosity of the implant in VGStudio MAX software. 

The results show that 90% of the implant surface has a deviation of less than or equal to 0.66 mm. 

The analysis shows that the total pore volume of the manufactured implant is 464 mm3 pores, which 

represents 0.77% of the implant volume, and also the average thickness of the implant is 4.84 mm 

with a standard deviation of 1.4 mm. 

Keywords: additive manufacturing 1; PEEK 2; patient specific implant 3; FDM 4 

 

1. Introduction 

Brain-sparing cranioplasty is most often performed after a previous craniectomy for trau-

matic brain injury, stroke, intracranial tumour surgery, and intracranial infections. Like 

any procedure, cranioplasty also carries risks, including infection, postoperative edema, 

and other complications [1]. The construction of cranial implants must include two factors: 

the suitability of the contour of the cranial implant defect for each patient and the biocom-

patibility of the material [2]. Over time, the production techniques and the materials used 

have evolved. The first reports described the use of metals (gold, silver) for the replace-

ment of intervertebral discs, and then progress was made to bone grafts and eventually to 

polymer (PEEK) implants [3–5]. One of the most important factors that surgeons must 

consider is the nature of the material used [6]. Implants was made by FDM 3D printer 

Apium M220 (Germany) which has been developed for using in field of healthcare. PEEK 

implants have several advantages: they are chemically inert, maintain structural integrity 

at temperatures above 300◦ C, and can be sterilized using gamma radiation with steam 

[12]. Due to the availability of computer-aided design (CAD) surgical planning, PEEK im-

plants can be easily manufactured using 3D printing to meet the individual requirements 

of each patient [7–9]. The elasticity and energy-absorbing properties of the PEEK material 

are closer to the bone than the mechanical properties of titanium. In general, custom-made 

implants are constructed using patient CT imaging data and are required to exhibit long-

term stability, good osseointegration, and high geometric accuracy after insertion. The 
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main challenges of using PEEK material in additive FFF technology are the high melting 

temperature of 340 °C and viscosity [10]. This melting temperature brings high demands 

on processing equipment and later prevents the melting of the melt and further affects the 

strength of the 3D models. This is because the melting point drops rapidly after 3D print-

ing [11]. Regarding FDM equipment, one of the most important issues is the design of the 

nozzle, which determines the heat transfer, melt flow and melt condition. Regarding di-

mensional accuracy, there are many parameters such as 3D printing growth angle, layer 

thickness, nozzle temperature, etc., which can significantly affect the quality of 3D models 

[11-12]. The aim of this study is to evaluate the accuracy of 3D printing, which is affected 

by the setting of the input printing parameters. These settings also affect the connection 

of individual layers and the porosity of the implant. For a comprehensive assessment of 

the shape, an analysis of the thickness of the implant wall and a nominal-actual analysis 

was performed, where the nominal object is the STL model used for production and the 

actual object is a scan obtained by computer tomography. 

2. Methodology 

This study describes data processing to evaluate the CAD model of the printed implant, 

and to evaluate the porosity and wall thickness of the implant. VGStudio MAX software 

(Volume Graphics, Germany) was used for data processing. 

2.1 Comparison of the printed implant with the CAD model 

For comparison, the Nominal-Actual Comparison module was used, in which the 

reconstructed implant model was aligned to the CAD model using the Best Fit function. 

Figure 1 shows the distribution of deviations with respect to the CAD model. 

 

  

   
 

   

Figure 1. Distribution of deviations on 3D implant models 

The results show that 90% of the implant surface has a deviation less than or equal 

to 0.66 mm. 

 

2.2 The thickness of the implant wall 

The thickness of the wall of the proposed implant is based on the thickness of the bone 

wall in the healthy part of the skull and is therefore not the same. To perform data anal-

ysis, when determining the surface, the possibility of removing internal defects of the 

material was chosen, so that the wall thickness would not be divided into 2 or more 

parts during the detection of the pore. Figure 2 shows the wall thickness distribution on 

the manufactured implant. The analysis shows that the average thickness of the implant 

is 4.84 mm with a standard deviation of 1.4 mm. 
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Figure 2. The distribution of the thickness of the implant walls shown on the 3D models of the 

implant 

2.3 Porosity 

The porosity of the manufactured implant was evaluated as part of the study. The 

pore search was set to a minimum volume of 0.03 mm3 (8 voxels) and a maximum di-

ameter of 2 mm. In the monitored volume, 464 mm3 of pores were identified, which 

represents 0.77% of the implant volume. Figure 3 shows the distribution of pores in the 

3D volume. 

 
 

Figure 3. Layout The layout of the pores in the 3D volume 

It is clearly visible in the picture that the pores are distributed over the printing layers. 

This porosity of the product can be influenced by changing the input production pa-

rameters. 

3. Conclusions 

It can be seen from the output that the biggest deviations of the printed implant from 

the CAD model occurred in the outer parts of the model or in the part of the implant 

touching the supporting structures and the heated plate affected by the heat flow. From 

the evaluation of the pores of the implant, it is clearly visible that the pores are distributed 

over the printing layers. For the correct placement and attachment of the implant to the 

bone, it is necessary to ensure that the shape of the implant is inverse to the shape of the 

bearing surface on the skull. The manufactured implant must copy the thickness of the 

bones of the healthy part of the skull. Thus, the implant must not touch soft tissues. The 

analysis of bone thickness shows that the maximum thickness reaches 8.67 mm. 
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Abstract: The paper is aimed at verifying the influence of the change in feed rate on the shape and 

dimensions of the bushing formed when joining two overlaped thin-walled materials by thermal 

drilling technology. Pairs of materials - dissimilar steels and steel with aluminium alloy - were 

joined. Three strategies for changing the feed rate during the tool cycle were tested. The shape and 

dimensions of the formed bushings – form fit joints were studied on metallographic sections. For 

joining steels with aluminium alloys, a strategy involving start the working feed at the value of 250 

mm.min-1 and gradually increase it to the value of 700 mm.min-1 can be recommended for the tested 

materials and a tool diameter of 5.3 mm. 

Keywords: joining; dissimilar materials; flowdrill; rotational speed; tool feed; metallography 

 

1. Introduction 

Joining dissimilar materials is currently a highly topical. In order to save material 

resources and make utilization of the material characteristics of structural materials more 

effective, conventional steels are gradually being replaced by non-conventional high-

strength steels, as well as other materials with good specific strength, such as aluminum, 

magnesium alloys or even composite materials [1-2]. The main problem that needs to be 

solved is the joining of these dissimilar materials. They differ from each other in their 

nature, internal arrangement of individual elements (e.g. metals versus plastics), or mi-

crostructure, mechanical, physical properties, as well as the nature of the response of these 

materials to different types of load [3-8]. The problem arises especially when joining steels 

with aluminium, which differ in melting temperature, very low mutual solubility of the 

constituents (Fe-Al) and the formation of brittle intermetallic compounds at the interface 

of the joined materials. There are different ways how to solve these problems, such as the 

use of interlayers when welding dissimilar materials, or modifying technologies to de-

crease heat input - CMT welding, welding with high-energy beams - laser, electron beam, 

etc. Technologies using the principles of mechanical joining, such as clinching, riveting 

and their numerous modifications, or combinations with adhesive bonding or resistance 

welding, appear to be very promising. Their disadvantage is that in many cases they re-

quire two-sided access to the parts to be joined, and problems can also be caused by the 

different formability of dissimilar materials, which is essential for form fit joints formation 

[9-10]. 

One of the possibilities of joining dissimilar materials could be the thermal drilling 

technology, which was founded in 1923 by Jan Claude de Valliere. He tried to create a tool 

that would be able to make a hole in thin-walled steel sheets without cutting, only using 

frictional heat. The result of his efforts is friction-forming technology, known as Flowdrill 

[11]. Flowdrill technology is mainly used for joining thin-walled materials.  

It is the joining by the action of a relatively high axial force and friction induced by 

the tool (forming drill) on the workpiece. In the process, the material is rapidly heated and 
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becomes soft, allowing the tool to penetrate the entire cross-section of the workpiece and 

form a bushing on the bottom of the workpiece corresponding to the size of the tool used. 

Sufficient threads can be then placed in the bushing to allow mechanical connection to 

other material by means of a screw. 

The paper deals with the verification of the possibility of using flowdrill technology 

to connect a pair of thin overlapped sheets without thread and screw, just by creating two 

coaxial embedded bushings with form contact. Various process parameters were tested 

during the formation of joints. Their effect was manifested in the shape and dimensions 

of the resulting bushing, which was verified by observation of metallographic sections 

[12]. 

 

2. Materials and Methods 

The following materials were used for the joints formation:  

• Cold rolled uncoated deep drawing steel DC04 (hereinafter referred to as 

DC). The thickness of the material is 0.8 mm. 

• Hot-dip zinc coated fine-grained HSLA steel TL 1550-220+Z with increased 

cold formability (hereinafter referred to as TL). The thickness of the mate-

rial is 0.8 mm. 

• Precipitation hardened aluminum alloy EN AW-6082 T6 (AlSi1MgMn, here-

inafter referred to as Al).  The thickness of the material is 1,0 mm. 

The chemical composition of steels is shown in Table 1, the chemical composition of 

the aluminum alloy is shown in Table 2. 

Table 1. Chemical composition of steels, wt. %. 

    DC      

C Mn  P S     Fe 

0.04 0.25  0.009 0.008     bal. 

    TL      

C Mn Si P S Al Nb Ti Cu Fe 

0.10 1.00 0.50 0.08 0.03 0.015 0.10 0.15 0.20 bal. 

Table 2. Chemical composition of aluminum alloy, wt. %. 

    Al     

         

Si Fe Cu Mn Mg Cr Zn Ti Al 

1.00 0.40 0.06 0.44 0.70 0.02 0.08 0.03 bal. 

Mechanical properties, surface conditions and/or thermal treatment of the materials 

used are listed in Table 3. 

Table 3. Mechanical properties, surface conditions and/or thermal treatment of the materials. 

Materials YS 

[MPa] 

UTS 

[MPa] 

Elongation 

[%] 

Thickness 

[mm] 

Condition 

DC 197 327 39 0.8 electrostatically oiled 

TL 292 373 34 0.8 Zn coated 100 g.m-2 

Al 290 340 14 1.0 Solution treated, artificially aged 

Table 4 shows selected physical properties of the tested materials. 

 

Table 4. Physical properties of materials. 
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Materials Density 

[kg.m-3] 

Melting point 

[°C] 

Thermal conduc-

tivity 

[W/m∙K] 

Coefficient of ther-

mal expansion 

[10-6/K] 

Modulus of 

elasticity 

[GPa] 

DC, TL 7860 ~1500 45 10.8-12.5 ~210 

Al 2700 555 180 24 ~ 70 

 

The shape and dimensions of the test specimens were designed according to EN ISO 

12996 depending on the thickness of the materials to be joined and the diameter of the tool 

used, Fig. 1. 

 

Figure 1. Shape and dimensions of joint assembly. 

To create connections was elected the thermal drilling tool Flowdrill Long ø 5.3 mm, 

Fig. 2. 

 

Figure 2. Tool Flowdrill Long ø 5.3 mm. 

In thermal drilling, in order to achieve the maximum tool life, it is necessary to choose 

rotational speed at the lowest possible limit. The choice of rotational speed primarily de-

pends on the drilled material and its thickness. Thicker anti-corrosion and high-carbon 

steels require lower speeds, which usually result in lower tool life. In general, non-ferrous 

metal alloys require higher speeds, the higher the softer material we are drilling. When 

joining steel and aluminum alloy, we are therefore forced to make a compromise when 

choosing rotational speed - and thus we chose a higher speed than required by steel and 

lower than required by aluminum alloy. Rotational speed was constant during the for-

mation of the joints. By changing rotational speed in the work cycle, we would needlessly 

extend the drilling time at the expense of the efficiency of the process. It is much more 

efficient to use a variable feed in the drilling process. By changing it, we can influence the 

shape and dimensions of the resulting bushing. 

The feed is determined by the pressure - the resistance of the material against the 

penetration of the tool. The initial pressure is quite high to generate frictional heat. As the 

material softens, it allows the drill bit to advance into the material, the rate of advance-

ment increasing with temperature and progress in penetrating the material. 

The required feed motion can be achieved manually or by means of pneumatic sys-

tems. If a CNC machining center is used to produce the holes, the above procedure can be 

simulated by creating a program with a slow initial feed rate that gradually increases to 

the level of the selected maximum feed value. The feed and its change will also depend 

on the dimensions of the tool, the tool speed and the type and thickness of the material. 

The appropriate feed can be determined relatively easily by experiment and observation. 
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The correct feed is selected when a constant dark red coloring of the material during drill-

ing is achieved (applies to steels). 

When joining dissimilar steels and steels with aluminum alloy, the following three 

different strategies – feed courses - were chosen, Fig. 3. 

 

Figure 3. Representation of the tool feed change in the work cycle. 

Strategy 1: when the tip of the tool get in contact with the material, the initial feed is 

150 mm.min-1, on a tool path of 11.5 mm it continuously increased to a value of 700 

mm.min-1, then on a path of 1.5 mm the feed was reduced to a value of 200 mm.min-1. 

Finally, the tool stopped 0.6 mm below the tool collar to avoid deformation of the resulting 

rim. The revolutions were constant: 3800 min-1. Abbreviated designation: 3800, 150-700, 

200 

Strategy 2: 3800, 250-700, 200 

Strategy 3: 3800, 250-1000, 200 

For setting and clamping the materials to be joined and for joints making, a fixture 

was designed, manufactured and used, shown in Fig.4. 

 

 

Figure 4. Fixture for clamping materials and leading the tool during joining. 

The joints were created on a 5-axis CNC milling machine DMG MORI DMU 60 eVO, 

Fig. 6, using the indicated production strategies. 
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Figure 5. 5-axis CNC milling machine DMG MORI DMU 60 eVO. 

 

A simulation of the process was carried out before the process of creating joints. Fig-

ure 7 shows the tool in the bottom reversal point in the simulation software Simufact 

forming [13]. It is clear from the simulation that in the process of creating the hole, the 

materials are pushed away from each other to a certain extent, which will be a possible 

obstacle for the creation of joints. 

 

 
 
Figure 6. Simulation tool in the bottom reversal point. 

 

Thermal drilling technology has been tested on various combinations of materials. It 

is necessary to realize that when joining dissimilar materials, the position of the material 

in the joint matters, as dissimilar materials differ both in mechanical properties, in forma-

bility, and in thermal conductivity, which are properties that significantly affect the flow 

of the material during joining and the shape and dimensions of the created bushings. 

Through previous research, it was found that when joining the mentioned steels and Al, 

it is necessary to put steel in the upper position and Al in the lower position. The opposite 

arrangement does not lead to the desired results. The tested material combinations are 

listed in Tab. 5. 

Table 5. Matrix of created joints. 

Materials in upper position Materials in lower position 

DC DC; TL; Al 

TL TL; DC; Al 

Al Al 

 

The created joints were subjected to metallographic analysis. Metallographic cuts 

were made from them through the axis of the hole, then they were mounted in resin, 

ground and polished using a classic metallographic procedure. The created sections were 

observed using an optical microscope,  
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and then the lengths and thicknesses of the created bushings of the individual mate-

rials in the joint were measured on the images. 

3. Results 

The appearance of some created joints is shown in Tab. 6. 

Table 6. Appearance of created joints. 

Materials  Top view Bottom view 

DC-DC 

  
TL-TL 

  
DC-TL 

  
TL-DC 

  
DC-Al 

  
TL-Al 

  
Al-Al 

  
 

As shown in Table 6, a continuous rim can be seen on some joints (DC-DC, TL-TL, 

DC-TL, TL-Al), on some it is fragmented (TL-DC) or separated from the material (Al-Al). 

When looking at the joint bushing, there are visible continuous, intact bushings (DC-DC, 

TL-DC, Al-Al), some show circumferential cracks (TL-TL, DC-TL) and some even show 

petals (DC-Al and TL- Al). From the point of view of the design of the joint, it is desirable 
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that the bushing is continuous, without cracks. A cracked bushing up to the formation of 

petals can lead to the opening of the joint and loss of cohesion of the materials already 

during manual handling, even if the bushings were well shaped, embedded coaxially. 

Tables 7-13 show resulting metallographic sections of all formed joints. The sections 

are presented in full, showing both sides of hole, so that all the details of the joint are clear. 

Table 7. Metallographic sections of the DC-DC connection. 

3800, 150-170, 200 3800, 250-700, 200 3800, 250-1000, 200 

   
 

When joining a pair of sheets of uncoated low-carbon steel DC-DC, although concen-

tric embedded bushings were formed, however, due to the springback effect and greater 

distance between the sheets, we assume that the joint will undergo shear stress at the point 

of its smallest thickness, and that already at low load. The influence of the used drilling 

strategy on the shape of the resulting joint is not apparent. The resulting bushings are 

almost identical in terms of length and thickness. Their shape and mutual position are not 

suitable for creating a functional connection capable of carrying loads. 

Table 8. Metallographic sections of the TL-TL connection. 

3800, 150-170, 200 3800, 250-700, 200 3800, 250-1000, 200 

   
 

The situation is similar with the material pair TL-TL, concentric bushings have been 

created, but their shape is not suitable for creating a functional joint. On the lower mate-

rial, a bushing with a suitable thickness and length was created, but the bushing made 

from the upper material has a suitable thickness in the place that does not touch the bot-

tom plate. Vice versa, in the place where both bushings touch each other, the thickness of 

the inner bushing, which finally fails under shear stress, and is responsible for the bearing 

capacity of the joint, is only of a few micrometers. The influence of the change in the pro-

cess parameters did not significantly affect the quality of the formed joint. 

Table 9. Metallographic sections of the DC-TL connection. 

3800, 150-170, 200 3800, 250-700, 200 3800, 250-1000, 200 

   
 

At the DC-TL joints on the left, you can see a significantly shortened inner bushing, 

significant spring back effect, deformation (bending) of the bottom plate and the for-

mation of a gap between the materials. Using strategy 2 (picture in the middle), both bush-

ings are of suitable length and thickness, but they are independent, not embedded in each 

other, which means an open, broken joint. 
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Table 10. Metallographic sections of the TL-DC connection. 

3800, 150-170, 200 3800, 250-700, 200 3800, 250-1000, 200 

   
 

For TL-DC connections and strategy 1 (left), the situation is the same as for a DC-TL 

connection made with the same strategy. A significant improvement in joint formation 

was brought by strategy 2 (in the middle) and 3 (right), when the embedding of the sleeves 

is evident from the metallographic section, while the inner bushing has a greater thickness 

and can therefore ensure a higher bearing capacity of the joint than the joint of the same 

material pair joined in the reverse order ( DC-TL) created by the same strategy. 

Table 11. Metallographic sections of the DC-Al connection. 

3800, 150-170, 200 3800, 250-700, 200 3800, 250-1000, 200 

   
 

For DC-Al joints, strategies 2 and 3 led to satisfactory results, when joints with con-

centric embedded bushings were created. The inner bushing shows considerable thick-

ness at the point of future failure and sufficient length, both bushings are in close contact, 

copy the shape, which will contribute to the load-bearing capacity of the joint. This means 

that a higher feed at the beginning of drilling is positive, while increasing the feed at the 

end of the tool's working movement to 1000 mm.min-1 (strategy 3, right) is not desirable, 

because both bushings are tightly fitting, but the inner bushing has a slightly less thickness 

compared to strategy 2 (in the middle). 

Table 12. Metallographic sections of the TL-Al connection. 

3800, 150-170, 200 3800, 250-700, 200 3800, 250-1000, 200 

   
 

The TL-Al joint shows the same behavior as the DC-Al joint when the process param-

eters are changed. Strategy 2 or 3 can be recommended for this material pair. 

 

 

 

Table 13. Metallographic sections of the Al-Al connection. 

3800, 150-170, 200 3800, 250-700, 200 3800, 250-1000, 200 
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In the material pair Al-Al, no joint was formed. Although a bushing was formed on 

the lower plate, the material of the upper plate was concentrated in the gap between the 

plates, there was no formation of two embedded coaxial bushings. Al-Al material pair is 

not suitable for making joints. 

4. Conclusions 

The following recommendations result from the metallographic analysis of the joints 

made of dissimilar materials: 

• Flowdrill technology can be used to make mechanical joints with form con-

tact 

• To ensure the correct function of the joint - load transfer - it is necessary that 

the joint consists of two concentric embedded bushings 

• Flowdrill technology is suitable for joining materials with significantly dif-

ferent mechanical properties, e.g. steel – aluminum alloy 

• When joining steels and aluminum alloys, it is advisable to place the steel in 

the upper position 

• The load bearing capacity of the joint depends mainly on the thickness of the 

inner bushing, as well as on the length of contact between the bushings 

• When joining steels with aluminum alloy in the lower position, it is possible 

to recommend strategy 2: start the working feed at the value of 250 mm.min-

1 and gradually increase it to the value of 700 mm.min-1. The strategy can be 

recommended is for the listed materials and a tool diameter of 5.3 mm. 

 
Acknowledgments: This research was funded by the Scientific Grant Agency of the Ministry of 

Education, Science, Research and Sports of the Slovak Republic under project VEGA 1/0154/19: Re-

search of the combined technologies of joining dissimilar materials for automotive industry. 
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Abstract: This paper deals with the numerical simulation of deep drawing using Simufact soft-

ware. DC04 metal sheet was used with a thickness of 0.7 mm. The simulation of the manufacturing 

process is an integral part of engineering production. Deep drawing is a complex process affected 

by several factors, including the blank holding pressure. 

In this paper, the blank holding pressure will be evaluated by the earing formation on the 

cylindrical cup with different hardening models.  

Keywords: Deep drawing, DC04, anisotropy, earing, Simufact, blank holding pressure 

 

1. Introduction 

Deep drawing is a widely used sheet metal forming process. Automotive parts, arms 

industry products, aerospace parts, medication and perfume tubes, pots, pans, and 

kitchen appliances such as pots and pans are examples of the different applications of this 

process [1,2,3].  

Deep drawing is based on production parts with simple or complex shapes through 

large plastic deformation [1,4]. During the deep drawing process, several defects can oc-

cur such as surface scratches, wall and flange wrinkling tearing, or earing [5].  

The process of deep drawing is highly sensitive to material properties, geometrical 

and technological parameters. Elasticity, plasticity, and anisotropy are crucial material 

parameters. Punch velocity, blank holding pressure, and lubrication have been as much 

influence as the radius of punch and die, blank thickness, or clearance between punch and 

die. If some of these parameters are not defined properly several defects can occur such 

as surface scratches, wall, and flange wrinkling, tearing, or earing [7,8].  

One of the most common defects that occur in the deep drawing process is earing, 

defined as the formation of a wavy edge at the open end of the cup. Many studies dealings 

with earing defects have been published in recent years [8,9].  

The blank holding force is a crucial parameter and has a significant influence on the 

process of deep drawing [10]. Recently, some research papers have been published to 

study the influence of friction conditions and blank holding pressure on the deep-drawing 

process.  

The effect of blank shape on earing was studied by Nagda et al. [12]. The anisotropy 

effect on earing defects was published by Yoon et al. [13]. Tran et al. [14] studied the in-

fluence of earing reduction in the deep drawing process of an aluminum alloy sheet based 

on the method of varying blank holding pressure with the segmental blank holder. 

In the conventional deep drawing, a uniform blank holding pressure is used, which 

keeps constant throughout the process. It is generally used for shallow parts with rela-

tively simple shapes [10]. 

With the development of computer-aided engineering, numerical simulation has be-

come widely used in the metal forming process [11]. The paper aims to study the effect of 

blank holding pressures on the formability of DC04 material with a thickness of 0.7 mm 

through FEM simulation using Simufact forming software.  
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2. Materials and Methods 

In this experimental research Simufact forming software was used to simulate effect 

of the blank holding pressure on the earing of material DC04 with the diameter of 55 mm 

and thickness of 0.7 mm. Mechanical, anisotropy properties and chemical composition are 

shown in Tab. 1-3.   

 

Tab. 1 Mechanical properties of DC04 

Material Density 

[kg/m3] 

Young´s 

modulus 

[MPa] 

Yield 

strength 

[MPa] 

Ultimate 

tensile 

strength 

[MPa] 

Ultimate 

strain 

[%] 

Strain 

hardening 

exponent 

[-] 

DC04 7851 210000 231 350 38 0.18 

 

Tab. 2 Anisotropy values of DC04 

Material r0° r45° r90° rm 

DC04 1.6 1.4 2.0 1.6 

 

Tab. 3 Chemical composition of DC04 

 Cmax Pmax Smax Mnmax Simax Almin Timax 

Weight % 0.08 0.030 0.030 0.40 - - - 

 

Dimensions of the tool are shown in Tab. 4. 

 

Tab. 4 Dimensions of deep drawing tool 

 
Numerical simulation was performed with a coefficient of friction of 0.2 using Cou-

lomb friction law. Parameters of the deep drawing process are shown in Tab.5. 

Tab. 5 Deep drawing process parameters 

Parameter Value 

Punch velocity 20 mm/s 

Blank holding pressure 1 1.8 MPa 

Blank holding pressure 2 2.4 MPa 

Blank holding pressure 3 9.2 MPa 

Friction coefficient 0.2  
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The mesh was created with hexahedral elements with a size of 0.07 mm. According 

to Hu et al. [15] three layers of elements have been used through the thickness. Kura et al. 

[16] used five elements per thickness. More elements will bring more accurate results at 

the expense of computational time. In our research, ten elements per sheet thickness were 

used (Figure 1). The software automatically remeshed the metal sheet if the accumulated 

strain of any element reached the value of 0.2.  

 

 
Figure 1 Mesh of the metal sheet 

To save computational time two symmetry planes were used (Figure 2). Only 90° of 

the metal sheet was considered in the simulation.  

 

 
Figure 2 Symmetry planes 

For the simulation, Barlat yield criteria with the combination of hardening model 

Holomon and Simufact CFM plasticity model were used. The heights of cups in directions 

0°, 45°, 90° were evaluated.  

3. Results 

Based on the parameters mentioned above, six independent (Figure 3-4) simulations 

with different hardening models were performed with the blank holding pressure of 1.8, 

2.4, and 3.0 MPa.  



Novus Scientia 2023  
 

305 

 

 

 
Figure 3 Deep drawing using Barlat-Holomon models A) Blank holding pressure = 1.8 MPa,  

B) Blank holding pressure = 2.4 MPa, C) Blank holding pressure = 3.0 MPa 

 
Figure 4 Deep drawing using Barlat-CFM models A) Blank holding pressure = 1.8 MPa,  

B) Blank holding pressure = 2.4 MPa, C) Blank holding pressure = 3.0 MPa 

A comparison of cup heights with the use of different hardening models is shown in 

Figure 5-7.  

 
Figure 5 Cup heights with the blank holding pressure of 1.8 MPa 

 

Figure 6 Cup heights with the blank holding pressure of 2.4 MPa 
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Figure 7 Cup heights with the blank holding pressure of 3.0 MPa 

A comparison of the cup heights using the same models with different blank holding 

pressure is shown in Figures 8-9. 

 

Figure 8 Cup heights using different blank holding pressure 

 

Figure 9 Cup heights using different Blank holding pressure 

5. Conclusions 

In conclusion, FEM simulations of deep drawing were conducted using blank holding pres-

sures of 1.8, 2.4, and 3.0 MPa. It was noticed that earing occurred in the direction 0° and 90°. As the 

planar anisotropy was positive the formation of earing occurred at 0° and 90° directions, which 

correlated with the theoretical knowledge.  
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The results showed (Figure 8-9) that the height of ears increased with the increase of blank 

holding pressure. A significant increase in earing height was observed at 0° and 90° and 270° with 

the larger pressure for both hardening models.  

Moreover, comparing the various blank holding pressures of deep drawing illustrated that 

the equivalent plastic strain in the case of blank holding pressure using 3.0 MPa was more critical 

than that of using the uniform blank holding pressures of 1.8 MPa and 2.4 MPa. This high level of 

plastic strain can cause defects in deep drawing when a larger blank holding pressure is introduced. 

Comparing the hardening models, there is no significant deviation.  
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programs that support generative design using this technology are discussed in detail. Finally, the   

benefits and drawbacks of the mentioned technology. 
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1. Introduction 

Product design is a difficult discipline to master today. The more technologies and 

manufacturing methods are integrated into products, the greater the complexity.    

Timelines are getting shorter in the race to get to market as soon as possible. Engineers, 

who are burdened with a variety of tasks, are thus looking for the best possible solution 

for a feasible design [1] 

Generative design offers a new solution for them. It is a new technology that uses 

algorithms such as topology optimization and natural algorithms to automatically  

generate many designs. It occurs when in a context where an engineer defines certain    

constraints that the technology must meet. Generative design allows software to     

present its capabilities to engineers. This allows engineers to consider many more    

options than usual thanks to autonomous software. It has many applications in both 

conceptual and practical design. [1] 

CAD software is currently at the beginning of integrating topological optimization 

functions in the context of generative design, where parametric modeling is linked to   

direct modeling. This is a critical process, and they must collaborate closely. [1] 

 

Figure 1. In-practice application of generative design [10] 
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In a typical design, several types of product visualization are mostly created, then a 

few alternatives are evaluated through optimizations based on the goals set by the      

engineer. In generative design, the engineer first defines the input conditions with     

constraints, after which the software uses algorithms to generate a series of designs based 

on these parameters. Once the generation is complete, the software then offers a       

subsequent selection of the most optimal alternative, which the engineer can further    

examine in detail. This significantly shortens the design phase without requiring the    

engineer to become fully immersed in the process. [2][3] 

Consider the following scenario: a designer wishes to design the construction of a 

mechanism. Instead of going through the design and then experimenting with a few 

shapes, he can provide the mechanical properties, material, loads, and so on to the     

software. [4] 

2. Differences between Generative Design and Topological Optimization 

Generative Design and Topological Optimization have become a trend in the fields 

of design and design in CAD environments, but it is important to note that the two spheres 

are not even synonymous as some people mistakenly think. [5] 

Topological optimization is a mathematical method, accessible that has been    

available in some CAD tools for quite some time and it is not that new. At the very      

beginning, a model has to be created, then input conditions and parameters are defined. 

As a result, the software generates an optimal shape for the model, which the engineer 

then examines. In short, Topological Optimization requires a basic model from the start 

in order to function, thereby defining the process's boundaries. Although in part,      

topological optimization is the basis for generative design. [5] 

 

Figure 2. Topology Optimalization Process Scheme. [11] 

Generative Design takes this process to a higher level by eliminating the need for the 

engineer to create a model from the start, instead taking over this task based on the    

constraints provided by the engineer. However, still the essential gro in the design is done 
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by a human where he must know and be able to specify in detail the input constraints and 

constraints based on which the software generates the final visualizations. As a result, for 

the time being, the engineer will be required to continue developing and improving the 

algorithms for Generative Design as well as the specifics it requires. [11] 

 

Figure 3. Generative Design Process Scheme. [5] 

Will artificial intelligence eventually replace humans in the generation process? 

When that Generative Design has been used for some time now, but has not yet had 

such widespread use in various industries as this time. So replacing the work of engineers 

with artificial intelligence is unlikely at the moment. There are no pre-set algorithms in 

Generative Design for creating different object design options autonomously. The      

engineer must create that process based on knowledge, which is a difficult task. Artificial    

intelligence cannot automatically evaluate pluses and minuses but performs them given 

the input design goals. [6] 

3. Software for Generative Design 

Generative Design is used in many industries such as automotive, aerospace or    

architecture. When designing in different areas, Generative Design mainly focuses on 

weight loss, performance improvement or cost reduction. Engineers with CAD         

experience, have the ability to easily convert to Generative Design. This software provides 

more options than the usual CAD software functions, such as inputting information about   

materials, forces, mechanical properties, and so on. [5] 

This is a short list when compared to the software's requirements. The following  

section introduces software programs for working with generative lay-up: [5] 

➢ Fusion 360 (Autodesk) 

➢ Creo generative Design (PTC) 

➢ nTop (nTopology) 

➢ NX (Siemens) 

 

The choice of software is up to each user individually, but there are a few key    

questions for choosing the optimal software: [7] 

• In which part of the process can generative design be applied ? 

• What range of parameters can be defined in the software ? 

• What manufacturing options will be available after the application of GD ? 

• Will the generated designs be usable later for other evaluation methods ? 

 

3.1 Fusion 360 – an Autodesk program that is interested in generative design. It    

includes a wide range of modeling tools for direct and parametric modeling, design      

exploration, surface creation, and rendering. The generative design extension mainly uses 

machine learning and artificial intelligence to autonomously generate specific solutions 

with respect to specified constraints, defining parameters for each type of manufacturing   

process. [8][5][7] 
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The Fusion 360 Generative Design extension lets you compare and select        

manufacturing methods for a given model, as well as see the sequence of constraints 

placed on the processes for the designed model. 3D products using additive technology 

can clearly have properties that cannot be achieved with traditional manufacturing  

methods. The add-in also includes a cost comparison tool for identifying part designs that 

would be expensive to produce. [8][5][7] 

 

3.2 Creo generative design – PTC program with cloud-based main support and 

CAD, PLM, and simulation integrated into this platform. This allows for the creation of 

optimised designs and, in parallel, the testing and solving of different iterations of the 

generated models. These connections are taken care of by two software interfaces, the 

cloud-based Generative Design Extension (GDX) and the Generative Topology        

Optimization (GTO) extensions. The aforementioned extensions automatically point out 

the best design variants, which it can also divide according to the desired manufacturing 

method. The software in the Creo working environment strives to generate high-quality, 

affordable, and manufacturable designs in the shortest amount of time. [8][7] 

 

3.3 nTop – nTopology's program offers engineers complete control over design    

optimization. With which it can create specific procedures for generating and using       

combinations of user knowledge, simulation and database data for the most optimal   

design variants. [7]  

 

According to this company, generative design has three key characteristics: [7] 

• Creation of geometry 

• Model optimization with constraints 

• Design loops that are automated 

 

nTopology is supported by an implicit generative module. 3D geometry is conceived 

of as a mathematical function in implicit nav-design, allowing users to quickly create  

specific structures. Finally, one of the nTop software's capabilities is the ability to re-create 

previously used processes, which are saved and imported when the input conditions 

change. [7] 

 

3.4 NX – Siemens program with the novelty of this software, in addition to generative 

design. Specifically, it is a digital twin technology that offers flexibility and performance 

with solutions for streamlining designs. The inclusion of design, simulation and      

manufacturing in one package is also an added value. The software can integrate topology 

optimization via simulation into a generative design environment powered by convergent 

modeling. [7] [5]  

When an engineer specifies a set of constraints, the technology self-generates a  

number of alternative designs. In a single environment, you can modify scanned data or 

topology optimization results alongside the standard CAD model using NX. There is no 

interleaving or switching between programs. 

Siemens NX helps design engineers by providing a set of tools to efficiently       

implement generative engineering. [7] 

 

4. Advantages and disadvantages of generative design 

A significant positive of generative design is the linking of several areas into a   

common whole. When software allows the engineer to visualize and compare generated    

designs in order to find the most optimal designs for the needs in a given area in the 

shortest amount of time. [5] 

The use of artificial intelligence in generative design allows for a significant reduction 

of time in the development and actual generation of new designs, leading to a competitive 

capability in bringing products to market quickly. [5] 
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The limitations of generative design are primarily due to the requirement to master 

machine learning, i.e. artificial intelligence, when it is necessary to insert various new   

algorithms or input conditions for the subsequent generation of designs. Not all engineers 

are equally skilled in this area, which creates obstacles. As a result, continuous learning is 

required throughout the process. [8]  

The current costs associated with generative design are quite high for ordinary users. 

Free versions are also available, however, where custom algorithms for generation need 

to be entered. However, because of cloud computing, generative design is now much 

more affordable for every user. [8] 

5. Conclusions 

Generative Design is currently transforming the way engineers approach         

engineering design. AI's added value allows for a more efficient and automated path in 

generating different design variations that push the boundaries and bring a much wider 

range of possibilities to the work. It is not a traditional topology optimization, but rather 

connects multiple optimization components to determine the topology in relation to    

defined    constraints and requirements. This technology was created not to replace the 

human  component in the process, but to change the perspective in design engineering, 

allowing for greater detail and efficiency. One of the benefits of generative design is the 

ability to create designs for additive manufacturing. [9] [8] 
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Abstract: The number of drone applications on a global scale has been steadily increasing lately 

and will continue to increase in the future. A serious aspect of the drone using is the noise pro-

duced by the flight. Thus it causes disturbance and harassment of the population and accelerates 

the effects on people. The intention of the authors is to create a methodology for assessing the im-

pact of drones on the population, since such a methodology does not currently exist. The presented 

paper is intended to assess the appropriateness and completeness of acoustic performance meas-

urement according to current legislation. 

Keywords: drones, categories of drones, noise, impact on residents, measurement surface , acoustic 

performance, measurements 

 

1. Introduction 

There are many devices, appliances, devices or machines that emit noise into the 

environment in which we live. In some cases, the noise levels we are exposed to are as-

sessed as harmful to hearing and/or disruptive to comfort and daily life. Drone noise is 

quite new and has until now been an exploratory noise source characterized by a specific 

noise spectral composition and an often subjectively perceived high degree of intru-

siveness. Therefore, it is necessary to carry out extensive research and assess the in-

creasing noise burden of the population and the suitability of the existing requirements 

of directives and standards. 

Currently, the number of applications for small unmanned aerial vehicles (UAVs) is 

growing rapidly. While initially used and developed mainly for military purposes, they 

are becoming increasingly important in civilian applications as well. In particular, the use 

of drones has increased during the COVID epidemic, when humanity has been forced to 

use largely contactless methods of communication and transportation. Relatively new 

consumer markets for drones include forestry, agriculture and road management, energy 

and communications, oil and gas production and transportation, safety and environ-

mental protection, etc. Several drones have become available to ordinary users, and their 

equipment is quite complex and includes photo and video cameras, an autopilot system 

and navigation systems that make controlling such aircraft relatively easy. 

Several authors dealt with the issue in question. N. Kloet in the publication "Drone 

on: a preliminary investigation of the acoustic impact of unmanned aircraft systems 

(UAS)" deal with the problem of the use of a quadcopter and acoustic nuisance for the 

public [1]. They also propose a way to reduce the acoustic impact, by using propellers 

with lower noise. The use of drones in security areas was also discussed by L.Shi in the 

article "Hidden Markov Model based Drone Sound Recognition using MFCC Technique 

in Practical Noisy Environments" [2]. Experiments were conducted by the authors in or-

der to recognize the sound of drones in a noisy environment. S. Perron in the article "Re-

view of the effect of aircraft noise on sleep disturbance in adults" [3] deals with the effects 
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of noise from aircraft traffic on the sleep of residents. It has been found that there is a 

causal link between exposure to drone noise and sleep disturbances, specifically awak-

enings, reduced sleep time, or the use of sleep medications. 

For the needs of the publication, 3 drones from different categories, but from the 

same manufacturer, were selected. It is DJI mini 2 (C0), DJI Mavic 3 (C1) and DJI Phan-

tom 4 Pro (C2). 

2. Measurement of acoustic performance 

There are different methods of measuring acoustic power with different levels of 

accuracy in different acoustic fields. The generally preferred method is to measure the 

sound pressure level over a hypothetical surface of size S surrounding the source and 

then calculate the sound power level using the average sound pressure level and the 

measured surface area. The standard prescribes one of two shapes of measuring surfaces: 

a rectangular parallelepiped distant from the reference parallelepiped by a measuring 

distance d and a hemispherical surface or a part of a hemispherical surface with radius r. 

For our needs, it was more appropriate to choose a measurement on a hemispherical 

surface. This measurement method is standardized in STN EN ISO 3744 2010 [4] for free 

field. In fig. 1 shows a hemispherical measuring surface with the measurement points 

marked. 

 

 

Figure 1. Positions of microphones on the hemispherical measuring surface. 

For stationary noise sources emitting broadband sound and tested near a single re-

flecting plane, the microphone must be placed in the 12 positions listed in the annex to 

ISO 3744. For moving noise sources in motion near a single reflecting surface, the mi-

crophones must be placed in six positions numbered 2, 4, 6, 8, 10 and 12. 

During the experiment, two types of measurements were performed: 

• stationary flight – hovering the drone at a height of 0.5 m above ground level, in 

accordance with the wording of the delegated regulation [6], 

• overflights – at a height of 0.5 m above ground level, at two different speeds. 

During stationary flights, 5 series of measurements were performed, for the purpose 

of statistical evaluation of the data. Figure 2 shows a view of the measurement during 

stationary drone flights. 
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Figure 2. View at the measurement point during the drone's stationary flight – hovering. 

When measuring the acoustic performance of flights, 5 repeated flights were per-

formed at a slow (5 kmh-1) and a higher (8 km-1) speed. The measurement was performed 

on a reflective surface - asphalt carpet, smooth. A view of the measurement location is 

shown in Figure 3. The measurement time was chosen so that the influence of back-

ground noise on the measurement results was zero. 

 

 

Figure 3. View at the measuring point during the flyovers. 

3. Measurement results 

The following figures show time records from three different measurement locations 

(M1, M2 and M9) for drones from all three considered categories. 

 

 

Figure 4. Time recording from measurement locations M1, M2 and M9 for the DJI mini 2 drone. 
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Figure 5. Time recording from measurement locations M1, M2 and M9 for the DJI 

Mavic 3 drone. 

 

 
Figure 6. Time recording from measurement locations M1, M2 and M9 for the DJI 

Phantom 4 Pro drone. 

 

Subsequently, calculations were made of the acoustic power level for all three in-

vestigated drones. Table 1 shows the calculated result values of the acoustic power level 

from five series of measurements. 

Table 1. Comparison of acoustic power level values for all drones while hovering. 

 

DJI mini 2 DJI Mavic 3 
DJI Phantom 

Pro 4 

LWA [dB] 76,6 84,7 90,7 

 

From the above results, we can conclude that the acoustic power values are signifi-

cantly different for the individual categories of drones. While the drone from the CO 

category reached an acoustic power of almost 79 dB, which also indicates its use for lei-

sure activities. The drone from category C1 achieved acoustic power values 8 dB higher 

and the drone from category C2 even 14 dB higher. Please note, however, that these are 

values achieved when the drone is hovering, which is required by legislation. 

Subsequently, we performed measurements of the acoustic performance of flights at 

two speeds. The acoustic performance of a moving object is calculated from the emission 

values obtained from the moment of entry into the hemispherical measuring surface until 

the moment of leaving the measuring surface. The following images show sample flights 

at speeds of 5 and 8 kmh-1 for the DJI mini 2 drone. The apparent shift of the time course 

curves is caused by the position of the individual measurement points on the measure-

ment surface. 
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Figure 7. Time record from measurement points M6, M8 and M12 during flight at a 

speed of 5 kmh-1 for the DJI mini 2 drone 

 

 

 
 

Figure 8. Time record from measurement points M6, M8 and M12 during flight at a 

speed of 8 kmh-1 for the DJI mini 2 drone 

 

As in the case of stationary measurements, calculations of the acoustic power level 

were made for all three investigated drones. Table 2 shows the resulting sound power 

level values. 

Table 2. Comparison of acoustic power level values for all drones during overflights. 

LWA DJI mini 2 DJI Mavic 3 DJI Phantom Pro 4 

Speed 5 kmh-1 [dB] 79,2 81,0 85,3 

Speed 8 kmh-1 [dB] 80,2 82,0 89,0 

 

From the measured and calculated values, we found seemingly illogical results. For 

drones from category C0, the acoustic power increased by 2-3 db, for drones from cate-

gory C1 or C2, the acoustic power decreased by 3-5 dB. This reduction was also subjec-

tively observed. We assume that it is caused by the proximity of the reflection surface and 

strong air swirl during static measurement. Adherence to the flight path can also be 

problematic, which is especially problematic for larger drones (category C1 and C2) and 

higher speeds, and largely depends on the experience and skills of the drone operator. 

The graphs below show the frequency spectrum of emitted sound in fraction-

al-octave bands for individual drones under consideration and all types of measurements 

– hovering, flying at a speed of 5 kmh-1 and flying at a speed of 8 kmh-1. 
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Figure 9. Frequency spectrum of emitted sound during hovering for all drones 

 

 
 

Figure 10. Frequency spectrum of emitted sound during flight at a speed of 5 kmh-1 

for all drones 

 

 
 

Figure 11. Frequency spectrum of emitted sound during flight at a speed of 8 kmh-1 

for all drones 

 

5. Conclusions 

The presented contribution deals with the issue of a more detailed analysis of noise 

sources. It specifies the analyzed source of noise - the drone - in more detail. This noise 

source was chosen because of its significantly increasing application areas. The number 

of drones, whether for amateur or professional use, is growing significantly and will 

continue to grow in the near future. And that is why we are trying to create a complete 

methodology, suitable for assessing all types of drones. In the current stage, we focused 

on comparing the acoustic performance of drones with the aim of assessing the suitability 

of this methodology. We found that such kind of measurements can be included in the 

newly conceived methodology. 
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Abstract: One of the accompanying phenomena of the operation of any machine is a mechanical 

oscillation. From the point of view of operation and maintenance of machines, the basic methods 

are aimed at monitoring and analyzing this mechanical oscillation. Mechanical oscillation, techni-

cally known as vibration, manifests itself in the environment as a noise. Noise and vibration are 

very close quantities, the dependence of which can be observed both by sensory perception and by 

monitoring their emitted values. They formed the basis for the research in this article, the aim of 

which is to verify the causal dependence of noise and vibration in mechanical drives. An experi-

mental mechanical drive with a compressor was assembled to demonstrate the dependence. In 

order to obtain results for different parameter variations, a pneumatic flexible coupling was ap-

plied to this mechanical drive for continuously tuning of its dynamic properties. The article deals 

with finding out the possibility of using the course of one physical quantity to identify the course of 

another physical quantity with the aim of controlling noise and vibrations in machines. 

Keywords: noise, vibration, mechanical drive 

 

1. Introduction 

An essential part of increasing the machines operability is a monitoring of their 

technical properties through the measurement and analysis of mechanical oscillations. 

The latest knowledge in that field of assessment consists in the mutual correlation of 

data obtained from technical diagnostics [1]. The main purpose of this diagnostics is 

primarily the safety of the machine and its parts, and subsequently to increase its op-

erability, for example lifetime, failure-free operation, reliability, etc. Diagnostics of vi-

bration and noise of the machine can be one of the parameters ensuring the continuous 

operation of the machine [5,6]. 

Controlling of vibrations and the resulting noise is a complex process that requires 

both theoretical knowledge and practical experience. The concept of vibration and noise 

control in machines can be understood as a way of their elimination, but also as a pos-

sibility of their control and diagnostics [1], [5,6]. The term "elimination" means reducing 

them to a level that does not negatively affect humans or workers and environment. 

These topics are discussed among many experts who deal with the appropriate tuning 

of mechanical drives in these machines [2-4], [7,8]. 

The field of mechanical oscillation tuning is covered by our department, which has a 

torsional oscillation laboratory. The centers of interest are pneumatic tuners of torsional 

vibrations, specifically pneumatic flexible couplings, which can continuously change the 

dynamic properties of the entire mechanical drive [2-4], [10-11]. Just such a pneumatic 
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flexible coupling was a part of the investigated mechanical drive, on which vibration 

and noise values were recorded. These values were obtained for the purpose of diag-

nosing the mechanical drive in terms of determining the dependence of these two 

quantities. Vibrations occur as mechanical oscillations of particles in the construction, 

whose waves into the surrounding environment are perceived as sound [5,6]. From the 

point of view of its intensity, in practice it is perceived as a noise [7-9]. 

The latest concept in the field of assessing the technical condition of machines con-

sists in monitoring and obtaining their parameters, such as vibration and noise values, 

which can be compared with each other. The aim of this article is to verify the causal 

dependence of noise and vibration in mechanical drives. Noise and vibration monitor-

ing was carried out in laboratory conditions with a mechanical drive with a compressor. 

2. Materials and Methods 

2.1 Designed mechanical drive 

In order to obtain measurement results, we assembled a mechanical drive with a 

piston compressor (Fig.1) in our torsional vibration laboratory. The examined mechanical 

drive consists of a tree-cylinder compressor (4), which is driven via pneumatic flexible 

coupling (3) by a three-phase asynchronous electric motor (1) which drives a two-speed 

gearbox (2). Individual positions of parts of the mechanical drive correspond to the in-

dications in Fig. 1. 

 

 

 

 

 

 

Figure 1. Mechanical drive used during measurements. 

2.2 Measuring apparatus 

The following devices were used to measure a noise: 

• handheld sound level meter analyzer Brüel&Kjær Type 2250, 

• Microphone Type 4189, nominal sensitivity 50 mV/Pa, 

• Tripod carrying sound level meter. 

After consideration, as a measuring quantity was chosen A-weighted equivalent 

sound pressure level LAeq in dB, that values were obtained from sound-level meter during 

the measurements. During measurement, a sound-level meter was placed at a height of 

1.5 m from the floor on a tripod. Distance of sound-level meter from the mechanical drive 

was 1 m. 

 

As a measuring device for vibrations was used: 

• ADASH 4100, which allows the connection of different types of measuring sen-

sors, 

• speed sensor Wilcoxon Research (model 784A). 



Novus Scientia 2023  
 

322 

 

For such measuring apparatus a time record and the basic vibration parameters were 

measured. Hereby, it was also defined following unit of measurement - speed (mm·s−1) 

and the measurement range from 10 ÷ 1000 Hz. 

2.3 Methods of measurement 

Measurement of noise and vibration requires a consistent preparation. As men-

tioned in the introduction, by using a pneumatic flexible coupling in a mechanical drive, 

we can affect the dynamic properties of the entire drive, which has a direct effect on the 

magnitude of vibrations and consequently the noise intensity of this drive [2, 4]. As a 

method of influencing these dynamic properties, we chose a pressure change of the gas 

medium in chambers of pneumatic flexible coupling from 200 to 700 kPa, and subse-

quently the noise and vibration values were recorded. At the same time, the speed of the 

electric motor was continuously changed in the range of 500 to 700 rpm. 

3. Results and Discussion 

Considering creation of vibration is usually associated with creation of noise, and 

the physics of vibration and noise are similar, our verification of their causal dependence 

will be based on created graphs (Figure 2 and 3) of obtained measurement values.   

During the running of the mechanical drive with variable operating speeds of the electric 

motor, individual noise and vibration values were recorded, which are shown in the 

following graphs in Fig. 2 and 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Measured values of noise of mechanical drive. 

As can be seen from figure 2, the noise values during the measurements reach level 

of 88 to 102 dB. These values belong to the noise of the electric motor at 700 rpm (labeled 

as green column). Noise values at operating speed 600 rpm are in the range of 89-100 dB 

(labeled as red column). During the operation of the mechanical drive with a speed of 500 

rpm, it reached the smallest noise interval of only 7 db (labeled as blue column). Fur-

thermore, from the graphs, it is possible to observe the interesting changes in the increase 

or decrease of noise values with increasing pressure in the pneumatic flexible coupling. If 

the performance of the mechanical drive was required at the level of 500 rpm, then the 

pneumatic flexible coupling is suitable as a tuner for such a drive. 

Examining the fact that noise and vibration are closely connected with each other, it 

is also proven in Fig.3. The tendency of the increase and decrease of vibration values with 
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the speed of the electric motor and the increase of pressure in the pneumatic flexible 

coupling have almost identical courses. 

 

 

 

 

 

 

 

 

 

Figure 3. Measured values of vibration of mechanical drive. 

  Both observed quantities and their measured values are shown together in Figure 4. 

A line graph was used for the clarity of their courses. As it can be seen, the causal de-

pendence of these 

two quantities is 

demonstrable. Due 

to the different 

measurement units, 

it is possible to ne-

glect their numerical 

values, but on the 

other hand, it is 

possible to compare 

their courses. The 

most similar, almost 

the same course has 

values at 700 rpm 

(green course). This 

fact can be consid-

ered as a confirma-

tion of the experi-

mental aim, namely 

the verification of 

the causal depend-

ence of noise and 

vibrations in the 

mechanical drive. 

This conclusion 

proves the extended 

possibilities of using 

the quantity of noise 

as an accompanying 

phenomenon of 

vibrations, and vice 
Figure 4. Courses of noise and vibration measured values 
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versa. On the other hand, when diagnosing mechanical drives, i.e. the machine or its 

components, it is possible to consider the value of one quantity (e.g. noise) as reliable for 

the needs of vibration diagnostics during rapid diagnostics. The proof is the course of the 

measured values of the quantities in our experimental measurement. These findings can 

be a assumption for our future research on this causal dependence on a wider scale, that 

is, measuring the noise and vibration of machines directly in the factory. 

5. Conclusions 

Firstly, from the measured values and analysis during the observation of the occur-

rence of vibrations accompanied by noise, the aim of the article can be confirmed, namely 

the verification of the causal dependence of noise and vibrations in a mechanical drive. 

This aim is proven on the displayed graphs, on which you can observe not only the actual 

values of the quantities, but also the graphs of the individual parameters of the mechan-

ical drive. Secondly, it should be taken into account that these measurements are 

demonstrated only in laboratory conditions, and therefore we have to consider their in-

accuracies and deviations from the conditions outside the laboratory. However, this does 

not refute the article that noise and vibrations can be considered as an extremely close 

physical quantities. In a certain approximation, the rule applies that where there is vi-

bration there is also noise, and of course vice versa. 
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Abstract: 3D bioprinting is an innovative technology that supports the production of biomimetic, 

multicellular tissues in a highly complex microenvironment. The great potential of three-dimen-

sional bioprinting using stem cells lies in a great source of cell cultures and tissues for drug testing, 

academic research, and last but not least, for tissue and potentially whole organ transplantation. It 

is essential for these cells to get as close as possible to their natural environment for optimal and 

healthy growth. However, when cultured in 2D space, cells lose their natural properties, such as 

morphology, basic structure, polarity, gene expression and especially tissue specificity. 3D bioprint-

ing of living cells into functional tissue could be the solution. By granting the spatial structure, the 

cells are presented with nature-like environment, where they differentiate and proliferate as they 

are programmed to by nature. This paper reviews current possibilities of bioprinting of tissues with 

use of stem cells, various hydrogel bioinks, differences between printing techniques and unique 

properties of stem cells with all their advantages and setbacks, as this field carries a great potential 

in regenerative medicine.  

Keywords: bioprinting; stem cells; bioink; hydrogel 

 

1. Introduction 

The success of any medical device is influenced by the initial physical interaction 

between the cells and the surface of the implant. Almost 1.2 million patients use cardio-

vascular, dental, orthopedic, and other types of implanted devices, as well as external de-

vices in contact with the skin or blood [1]. 

The ability of stem cells to make identical copies of themselves and differentiate into 

various types of cells makes them perfect candidates for prosperous tissue engineering. 

However, the expansion of these cells is not equivalent in vivo and in vitro. Outside the 

body, cells can form nourishing and viable tissue only if placed in a suitable in vitro envi-

ronment where preferably appropriate spatial arrangement is preserved, along with 

growth factors and signals from the environment necessary for healthy development. 

Without these essential factors, cell development can be chaotic and imprecise - leading 

to unwanted differentiation or even a cell death [2]. 3D bioprinting is a technology that 

could solve this difficulty, as it brings  biomimetic complex microenvironment for the cells 

to differentiate and proliferate. Due to the huge demand for organ transplants, along with 

limited donors, bioprinting is a potential technology that could unravel this issue of organ 

shortage. The precise control over the deposition of bioink into complex structures was 

shown to be possible by many researcher groups. The fabrication of complex structures 

such as designed scaffolds for tissue engineering with controlled porosity, permeability 

and mechanical properties could be future of tissue engineering and regenerative medi-

cine [3].   
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2. Stem cells 

The most unique biological property of MSCs is their capacity for mesenchymal dif-

ferentiation. This means that they can develop into osteoblasts, adipocytes, and chondro-

blasts under standard in vitro tissue culture differentiation conditions. MSCs have the 

ability to express and secrete cytokines and growth factors, even in hypoxic conditions 

thus they stimulate the migration of endothelial cells, the formation of vascular tubular 

structures and stabilize the newly formed vascular structures with the help of pericytes 

[4].  

3. Methods of 3D bioprinting 

3D bioprinting is a large subset of 3D printing itself, which is mainly used in tissue 

engineering for biomimetic production of tissues. Additive manufacturing brings broad 

flexibility and reproducibility in mechanical production stable, biocompatible tissue, and 

organ structures [5]. The requirements for the production of biological tissues by 3D bi-

oprinting have been summarized by various researchers’ groups. However, there is disa-

greement regarding the solution and organization of the required criteria for the micro-

scopic level. Researchers believe that biological tissues should be cultured with the high-

est possible resolution to be able to mimic the functions and behavior of cells in an in vitro 

3D environment. At the same time, great emphasis is placed on being able to accurately 

control and edit the emerging 3D construct. However, other researchers, on the contrary, 

believe that already the printing alone of cell aggregates allows cells to organize them-

selves, to form tissues, given that cells have genetically encoded organizational abilities. 

For example, endothelial cells naturally form tubular structures under optimal environ-

mental conditions [3]. 

3.1. Inkjet bioprinting 

Inkjet bioprinting is a promising biological approach to printing. It is a non-contact 

technique that creates layer by layer by depositing drops of ink on top of each other. The 

printing process consists of two phases. The first phase represents the application of drops 

of bioink on specific substrate sites. The second phase involves the interaction between 

the droplets and the substrate - cross-linking and gelation. All the processes need to be 

precisely controlled because we are working with living cells, so the conditions must be 

set up accordingly. That is the main difference compared to basic 3D printing [6].  

 

Figure 1. Schematic of a thermal and piezoelectric inkjet printing, where droplets are generated by 

the heat and then ejected or droplets are made with piezoelectric actuator by its vibration. 
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3.2. Extrusion bioprinting 

An extrusion bioprinter consists of two or more printing heads (Fig. 2,) extruding 

bioink consisting of cells, growth factors, and biomaterials by applying pressure, 

providing the dispersion of bioink filaments through a small or micro-sized nozzle. The 

cartridge is set on a print arm moving in a z-y direction. The collector is moving in the x-

axis [4]. Extrusion bioprinting has been used to create 3D tissues and organ constructs such 

as kidney, liver, adipose tissues, tracheal grafts, vascularized soft tissue, skin grafts, neural 

tissues, cartilage tissue, renal tissue, bone tissue, and other engineered structures [7].   

 

Figure 2. A scheme that shows various types of extrudation. (a) Shows pneumatic extrusion with 

compressed gas. (b) Extrusion using a mechanical force in form of a piston. (c) Extrusion using a 

mechanical force in form of a screw. 

3.3. Stereolithography bioprinting 

The principle of SLA printing is a laser light applied to a photosensitive liquid 

material in a point-by-point manner creating a solidified layer (Figure 3.). After the 

solidification of the first layer, the platform rises by an exactly defined height and the 

second layer is photo-crosslinked . Bioink used in SLA bioprinting is photocrosslinkable 

so the solution is cross-linked by light illumination during the printing process. Bioink 

consists of cells and a photosensitive prepolymer solution. The use of non-toxic 

crosslinking is necessary to prevent cell damage. Some natural polymers, such as chitosan, 

have a great advantage in their self-gelation property, therefore there is no need for often 

harming chemicals [8].  

 

Figure 3. Stereolithography. An ad-vantage of SLA is that it does not require extrusion through a 

nozzle, and is faster, and more ac-curate with higher resolution (< 100µm) than extrusion-based 

printing. 
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4. Hydrogel bioinks 

Hydrogels are highly hydrated polymeric materials containing more than 90% water. 

They are biomaterials of natural origin, such as collagen, gelatin, alginate, fibrin, 

hyaluronic acid, silk proteins, chitosan, or decellularized ECM (dECM). Natural resources 

are advantageous biomaterials due to their biocompatibility, controlled degradation, and 

similarity with native ECM [9]. However, common disadvantages are weak mechanical 

strength and inconsistency of the composition and properties between production batches. 

Due to this reason, natural hydrogels are often combined to create ideal properties prior 

to and after printing. Decellularized ECM as a bioink provides unique three-dimensional 

distribution of structural and functional components, and diversity is what distinguishes 

it from other biomaterials [10]. 

5. Discussion 

Recent developments in tissue engineering may hold great promise for the 

development of new 3D tissue models for pre-clinical drug testing, toxicology studies, or 

although far-reaching but desirable whole 3D printed whole organ transplant. Table 1. 

shows examples of what is possible to create by bioprinting using stem cells to this date 

[11].  

Table 1. Disadvantages of current 2D tissue models with counterpart solution by 3D printed mod-

els. Each method has its benefits and difficulties, however, 2D platforms produced a lot of scientific 

discoveries and data, therefore without them, the process of bioprinting would not be possible. 

Current 2D models: Problem 3D printed models: Solution Ref. 

Multi-stage production methods 
Automated and reproducible 

production of tissue models 
[11],[5] 

Absence of a specific extracellular 

matrix environment 

Creation of a cell-specific 

microenvironment 
[3], [11] 

Absence of structural hierarchy 
Generation of tissue of specific 

architecture 
[5], [12] 

Low efficiency perfusion 
Integration of microfluidics with 

3D structure 
[4],[5] 

Difficult to obtain a vascularization Production of vascularized tissue1 [13] 

Unpredictable false-positive or false-

negative results from testing for 

animal models 

Sidestepping tightening controls on 

the use of animals for scientific 

purposes and experiments 

[2],[10], 

[14] 

1Still in development. Certain research results of 3D bioprinting were applied into developing of 

vascular tissue however 3D printed vascular scaffolds are still limited in mechanical strength, bio-

degradation, and printability restricted to simple linear vascularization.  
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In the last decade, the use of in vitro 3D models has increased significantly due to the 

developments new supporting technologies (Table 2.) and the tightening of the use of 

animal models for scientific purposes and experimentation [12].  

Table 2. A summarization of bioprinting technique, frequently used materials for bioinks and ex-

amples of products that can be created by bioprinting to this date 

Technique  Bioink materials  Products 

  Collagen  Skin tissue 

  Gelatin  Neural tissue 

Extrusion  Alginate  Cartilage tissue 

Inkjet  Hyaluronic acid  Cardiac tissue 

Stereolithography  Silk fibroin  Liver tissue 

Cryoprinting  Hydroxyapatite  Adipose tissue 

 LIFT3  Chitosan  Renal tissue 

  Nanocellulose  Cell laden products 

  Methylcellulose  iPSCs1 encapsulated in hydrogel 

  Composites of bioinks  Vascularization2 

[13], [4]  [5], [11], [4]  [11], [15], [6], [16], [17] 
1 Induced pluripotent stem cells; 2 Certain research results of 3D bioprinting were applied into de-

veloping of vascular tissue however 3D printed vascular scaffolds are still limited in mechanical 

strength, biodegradation, and printability restricted to simple linear vascularization; 3 Laser-in-

duced forward transfer 

 

Our plan in the future is to study and possibly design a bioink based on 

decellularized extracellular matrix (dECM), which brings a native environment for cells to 

develop. The use of dECM could bring great opportunities when in use, due to its 

composition, as it already contains the much-needed potential for the spatial organization 

and grow factors with other various biomolecules, that cells are used to in their natural 

differentiation when in vivo. The extracellular matrix naturally “knows” what cells need to 

thrive and differentiate into various cell types, so we see great promise in its future use in 

regenerative medicine.  
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Abstract: This study deals with the evaluation of the dental implant placement using surgical guid-

ance systems. The purpose of this study is to examine various evaluation methods in order to com-

pare the accuracy between virtually planned and clinically achieved implant positions. The paper 

describes comparative methods using preoperative and postoperative computed tomography (CT) 

data and digital stamp for the definitive prosthesis. The method of measuring displacement and 

stress for quantification of errors is also examined. The difference between the planned and actual 

position of the implant placement in a controlled implant operation is expressed as a deviation. 

Assessing the accuracy of controlled surgical implantation can play an important role in avoiding 

errors. All evaluation methods have their necessary errors and require careful interpretation during 

evaluation. The result of the work is a proposal for a methodology for evaluating the placement of 

dental implants. 

Keywords: dental implant placement; placement evaluation; surgical guide systems. 

 

1. Introduction 

The successful introduction of a dental implant depends not only on proper osseointegra-

tion, but also on the proper function and aesthetics of the final dental prosthesis [1,2,3]. 

Conventional implant placement is a workflow that was used before the development of 

digital technology. The workflow includes making impressions and diagnostic waxing on 

a plaster model. However, implant placement that considers the correct angle and posi-

tion in relation to the adjacent tooth and bone is gradually coming to the fore. It is a con-

trolled implantation operation enabling precise, safe and predictable placement of the im-

plant. The most prominent in guided implantation are the deviations between the planned 

and positional placement of the implant, which can include several factors, for example, 

problems with spatial resolution in CT, combining imaging techniques and scanned data, 

errors in the manufacture of surgical guides, insufficient stability of surgical guides, drill-

ing errors such as the clearance between the socket and the drill, the thickness of the soft 

tissues, the movements of the patient as well as the type of software used. An evaluation 

of the accuracy is therefore necessary if the clinical control of guided surgery is not con-

vincing. [4,5,6] 

2. Materials and Methods 

The current position of the implant is determined in two basic ways. The first is the use of 

postoperative CBCT images of the implant after implantation; the second method is indi-

rect estimation of the position from plaster models or scanned abutment on which the 

respective implants are attached (Fig. 1). [7]   
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Another method of assessing implant placement is to quantify the degree of displacement 

by assessing the tension applied when attaching a specially designed suprastructure to an 

analog model made of acrylic resin [8,9,10,11]  

 

Figure 1. Evaluation methods for 3D computer-guided implant placement. 

2.1. Superimposition of planned and actual implant placement 

The planned and actual position of the implant is analyzed to evaluate deviations. Two 

pieces of 3D information must be superimposed into 1 identical plane. Overlapping two 

planes requires 3 or more different reference points that are not in a straight line. In par-

tial edentulousness, the 2 data may be overlaid with reference points such as three dis-

tinct teeth. However, in completely edentulous patients, special reference points are 

needed for superposition [12]. 

In fig. 2 it is possible to see the information about the planned position of the implant 

extracted from the CT images, where the current position of the implant was confirmed 

by the analysis by replacing the CT images. Reference point and background data for 

comparison are all in CT. Therefore, the accuracy of the superposition is determined by 

the resolution of the CT, which consists of a DICOM file [14] 

 

Figure 2. Displacement measurement by the direct method - overlapping of the planned and ac-

tual position. [12] 
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2.2. Quantification of errors 

The magnitude of the error of the planned and actual position superimposed by the direct 

or indirect method can be analyzed by measuring the displacement. To specify the dis-

placement, it is necessary to determine a standard parameter to quantify the position of 

the implant. To measure displacement (Fig. 3), parameters such as linear deviations of the 

implant, angular deviation and vertical deviation in height or depth. All these parameters 

can be recorded as distance or as two separate vectors (with horizontal and vertical dis-

tance) [13] 

 

Figure 3. The parameters used to measure displacement, Lp and La, can be determined using dis-

tance or 2 individual vectors (with horizontal and vertical distance). [12] 

2.3. Voltage measurement 

To successfully evaluate the deviation, Tahmaseb et al. [11] determined a method to quan-

tify the strain (force) on each implant using strain gauge measurements. In this research, 6 

implants were placed in the mouth using surgical guides fixed with anchor pins. After the 

final impression of the implants, a milled titanium structure was produced. Four strain 

gauges were attached along the long axis of each superstructure cylinder at an angle of 90° 

to each other. Each frame was measured by the three-dimensional method of tension meas-

urement using strain gauges. They found that this method has the advantage of being able 

to numerically express the indistinguishable error. Although there are limitations to strain 

gauges such as location, number and area of application, their role should not be over-

looked. In addition, this method is not possible with a digital-type virtual model, so it is 

necessary to create an analog dental plaster model [12][16]. 

3. Results 

In his study, Jacques Vermeulen investigated the difference in accuracy between implant 

placement without the use of a guide and guided implant placement by experienced sur-

geons. 10 experienced clinicians placed a total of 80 implants using both approaches in the 

anterior part of the SIMPLANT Guide maxillary models and placed them in the mouth of 

the head model. For all 80 implants, the average vertical, lateral and angular deviations 

between the virtually planned and achieved implant positions based on CBCT scans were 

measured. The angular deviation of the entire sample was 7.63° for the unguided method 

and 2.19° for the guided procedure. The mean difference in angular deviation differed 

significantly between groups and was more than three times greater for the non-guidance 



Novus Scientia 2023  
 

334 

 

method. The lateral deviation at the coronal level of the implants was 0.42 mm for the 

guided method and 1.27 mm for the non-guided method, and at the apical level it was 

0.52 mm for the guided method and 1.28 mm for the non-guided method; deviation at the 

coronal and apical levels was significantly less with the guided procedure than with the 

non-guided method (P = 0.001). The differences in depth deviation at the apical and coro-

nal levels were smaller (guided vs. non-guided surgery at the coronal level: 0.54 vs 0.78 

mm; apical level: 0.54 vs 0.73 mm), but also statistically significant (P = 0.05). Differences 

in angular, global and lateral deviations were also significantly smaller with the guided 

procedure, while deviations in depth revealed no statistically significant difference be-

tween the methods. [17][18] 

Kivovics et al. were the first in their in vitro study to compare the accuracy of implant 

placement in model operations implemented by implementing 3 different methods. The 

study was conducted on 3D printed models randomly assigned to 3 studied groups. In 

the 1st group, the model operation was performed through dynamic navigation. In the 

2nd group, the implants were placed using a method without guidance, and in the 3rd 

group, static computer-assisted implant surgery (CAIS-Computer Assisted Implant Sur-

gery) was used. A total of 48 dental implants were placed. Angular, coronal and apical 

global deviations were primarily monitored (Fig. 4). These were calculated for all implants 

based on preoperative registration of the operative plan and postoperative CBCT recon-

struction. The postoperative CBCT scan was performed using the same scanning condi-

tions as the preoperative CBCT scan. 

The accuracy of implant placement using dynamic navigation showed no significant dif-

ference compared to static CAIS (angular deviation: 4.09 ± 2.79° and 3.21 ± 1.52°; coronal 

deviation: 1.27 ± 0.40 mm and 1 .31 ± 0.42 mm; and apical global deviation: 1.34 ± 0.41 mm 

and 1.38 ± 0.41 mm). Global deviation results were significantly lower using dynamic nav-

igation than with the unguided method (coronal and apical global deviation, respectively: 

1.93 ± 0.79 mm and 2.28 ± 0.74 mm). According to the results of this preclinical study, the 

accuracy of implant placement by dynamic navigation was comparable to that of the static 

CAIS method and better than that obtained by the manual method without guidance 

[15][19].  

 

Figure 4. Measurement of angular, coronal, and apical global deviation of planned (blue) and 

achieved (red) implant placements in coDiagnostiX software (Dental Wings, Montreal, CA, USA): 

A) orthoradial, B) tangential cross-sections, and C) three-dimensional visualization. [19] 

4. Discussion 

In guided surgery, it is appropriate to use direct and indirect methods to determine the 

location of implants within the current technical limits. The development of an optimiza-

tion algorithm capable of automatically recognizing and accurately extracting implant 

boundaries from CT images is expected soon. using artificial intelligence. Artificial intel-

ligence will be able to extract the edges of implants and also overlay pre- and post-opera-

tive data. The result of the development of the process of extraction and superposition 

with the help of artificial intelligence will be a significant elimination of the process of 
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creating dental impressions. This will enable the automation of the denture manufactur-

ing process and facilitate the work of dental technicians. In the future, it is possible to 

expect the development of technology using information about the current position of the 

implant in real time. This means that the guided implantation surgery will be replaced by 

the navigated implantation surgery. This will lead to controlled implantation with the 

help of a robot, which will reduce the efforts of the dentist. [12]. 

5. Conclusions 

The aim of this study was to compare the methodologies for evaluating the placement of 

dental implants and to propose the most suitable ones for the most accurate placement. 

It was pointed out the benefit of using static surgical guidance systems or dynamic guid-

ance systems compared to the usual conventional methods of evaluating the location with 

the free hand, i.e. without the use of any guides during the implantation procedure. Dur-

ing controlled surgery, within the current technical limits, it is appropriate to use direct 

and indirect methods to determine the location of the implants. Soon, the development of 

an optimization algorithm that will be able to automatically recognize and accurately ex-

tract implant boundaries from CT images is expected. However, this algorithm will re-

quire the help of artificial intelligence. Artificial intelligence can not only extract the edges 

of implants, but also overlay preoperative and postoperative data. 

In the future, the development of technology using information about the position of the 

implant in real time is expected. This means that guided implantation surgery will be re-

placed by navigated implantation surgery. Guided implantation surgery will lead to ro-

botic surgical implantation and the dentist's effort will be reduced [12]. 
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