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KºszºntŖ 

 

Az ESB ï Engineering Symposium at B§nki ï konferenci§k bŖ m§sf®l ®vtizedes hagyom§nyainak 

megfelelŖen id®n is siker¿lt a k¿lºnbºzŖ ter¿leteken jeleskedŖ ipari ®s egyetemi berkekben 

tev®kenykedŖ kutat·kat, oktat·kat, munkat§rsakat ®s hallgat·kat megsz·l²tani. Az idei ®vben ism®t 

egy k¿lºnlegess®ggel k®sz¿lt¿nk, ugyanis a Magyar Hadtudom§nyi T§rsas§g Szegedi Tagozata volt 

konferenci§nk k¿lºnleges vend®ge. Emellett, a plen§ris elŖad§sokban Dr. N·gr§di Gyºrgy: Az arab-

izraeli konfliktusr·l kºz®rthetŖen c²mŤ elŖads§val, valamint Dr. Resperger Istv§n: Az orosz-ukr§n 

konfliktus. Mi tºrt®nt az elm¼lt k®t ®s f®l ®vben? c²mŤ elŖad§s§val tisztelt®k meg a konferencia 

r®sztvevŖit. Konferenciakºtet¿nk v§logatott kºzlem®nyeket tartalmaz, melyek a kor§bbi ®vekhez 

hasonl·an, angol, illetve megyar nyelven mutatj§k be napjaink szerte§gaz· kutat§sait, izgalmas ®s 

kih²v§sokkal teli tudom§nyos ®s ipari probl®m§it, legjellemzŖbb ir§nyzatait. Ez¼ton szeretn®k 

kºszºnetet mondani elsŖsorban a kºtet szerzŖinek, de mindazoknak is, akik t§mogatt§k, valamint 

ºsztºnz®s¿kkel ®s seg²ts®g¿kkel nagyban hozz§j§rultak ahhoz, hogy e kiadv§ny megjelenhetett. A 

tanulm§nykºtet soksz²nŤs®g®re ®s tartalmi gazdags§g§ra hivatkozva b²zom benne, hogy elnyeri 

minden olvas· tetsz®s®t ®s mind az akad®miai, mind pedig a v§llalati szf®r§ban tev®kenykedŖ 

szakemberek sz§m§ra ®rdekes ®s hasznos kiadv§ny lesz. Olvas§s§hoz, tanulm§nyoz§s§hoz sok 

sikert k²v§nok! 

Budapest, 2024. december 15. 

 

Prof. Dr. Rajnai Zolt§n  

D®k§n 

ESB FŖv®dnºke 
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Greetings 

 

In keeping with the tradition of the ESB - Engineering Symposium at B§nki - conferences for over 

a decade and a half, the event this year once again succeeded in attracting researchers, academics, 

staff, and students from a wide range of fields from industrial and university circles. This year, we 

had a special attraction, as the Division of Szeged of the Hungarian Association of Military Science 

was a special guest at our conference. In addition, two plenary lectures were held on the following 

topics: Dr. Gyºrgy N·gr§di: On the Arab-Israeli conflict in plain language, and Dr. Istv§n 

Resperger: The Russian-Ukrainian conflict. What has happened in the last two and a half years? Our 

conference proceedings comprise a selection of papers, which, as in previous years, present the 

diverse research topics, exciting and challenging scientific and industrial problems, and the most 

typical trends of our time in English and in Hungarian. I would like to take this opportunity to thank, 

first and foremost, the authors of this volume, but also all those who have supported and contributed 

to the publication of this volume, for their encouragement and assistance. In view of the diversity 

and richness of its content, I trust that it will appeal to all readers and be an interesting and useful 

source of information for both academic and industrial experts. I wish you every success in reading 

and studying it. 

Budapest, December 15, 2024 

 

Prof. Dr. Zolt§n Rajnai  

Dean 

Patron of ESB 

  



5 

 

 

Tudom§nyos bizotts§g / Committees 

 

Tiszteletbeli elnºk / Honorary chair 

Levente KOVĆCS, čbuda University, Hungary 

Ćltal§nos elnºk / General chair 

Zolt§n RAJNAI, čbuda University, Hungary 

Tudom§nyos bizotts§g elnºke, Scientific committee chair 

Rich§rd HORVĆTH, čbuda University, Hungary 

Tudom§nyos bizotts§g, lektorok / Scientific committee, peer reviewers 

Andr§s ZACHĆR, čbudai University, Hungary 

Anna T¿nde KOVĆCS, čbuda University, Hungary 

Ćrp§d CZIFRA, čbuda University, Hungary 

Edit LUDĆNYI-LAUFER, čbuda University, Hungary 

EnikŖ R®ka FĆBIĆN, čbuda University, Hungary 

Endre RUSZINKč, čbuda University, Hungary 

Erzs®bet ANCZA, čbuda University, Hungary 

Gyula BAGYINSZKI, čbuda University, Hungary 

Istv§n NAGY, čbuda University, Hungary 

J·zsef GĆTI,  čbuda University, Hungary 

Judit, LUKĆCS, čbuda University, Hungary 

Gyula SZABč, čbuda University, Hungary 

J·zsef Zolt§n SZABč, čbuda University, Hungary 

L§szl· HANKA, čbuda University, Hungary 

Mih§ly R£GER, čbuda University, Hungary 

P®ter PINKE,  čbuda University, Hungary 

P®ter VARGA, čbuda University, Hungary 

Tam§s R£TI, čbuda University, Hungary 

Tam§s SZAKĆCS, čbuda University, Hungary 

Viktor GONDA, čbuda University, Hungary 

Szervez®s / General organizer 

Judit LUKĆCS, čbuda University, Hungary 
  



6 

 

 

Tartalomjegyz®k / Contents 

Angol szekci· / English Section 

Ahmed Amgad Naji Ali, Gyºrgy Gyºrºk, Judit Luk§cs, Zolt§n Rajnai: 

Maximizing Efficiency and Power Quality: A Deep Dive into Hybrid Buck-Boost, Cuk, 

and SEPIC Converter Topologies 

10 

P®ter Balogh: 

Cyber threat of social critical infrastructure 
20 

M§t® Domj§n: 

From Whaleboats to LCACs ï The Development of the US Marines Amphibious 

Doctrine 

26 

Enze Shao, Tibor Goda: 

Predicting Anterior Cruciate Ligament Changes During Unexpected Side Cutting Based 

on Inertial Sensors 

31 

Hairong Chen, Istv§n B²r·: 

Advances in the application of orthotic insoles for flatfoot treatment 
42 

Ćkos S§ndor J§nyoki, Ćkos Mester: 

The evolution of PLCs in the light of case studies 
50 

Kamaran Mohammed Kareem, Bakhtyar Saleh Ahmmad: 

Seismic analysis of tunnel-form reinforced concrete structures subjected to low-intensity 

earthquake actions 

60 

Kriszti§n Moln§r: 

Armor package proposal for combat vehicles 
70 

S§ndor Nagy, S§ndor Semperger: 

Examination of Permanent Magnets in different Halbach array configurations 
76 

Norbert Daruka, Kriszti§n V®gh: 

Criminal use of drones and possible lines of defence 
82 

Quian Liu, Istv§n B²r·: 

Effects of longitudinal bending stiffness on joint range of motion and peak angle velocity 

during the stance phase of running 

89 

Qiaolin Zhang, Istv§n B²r·: 

Effects of different schemes of hallux valgus osteotomy on the stress based on computer 

digital simulation 

97 

Samir Rasulov, P®ter Bakucz, Judit Luk§cs: 

Limitations of ISO26262 in Addressing Nonlinear Dynamics in Highly Automated 

Driving Systems 

103 



7 

 

Sara Ines Moussaoui, Annam§ria Naughton Duszov§, Monika Hrubovļ§kov§, 

Marek Vojtko, Mark Windisch, P®ter Pinke, J§nos Dusza: 

Microstructural Investigation of Dual-Phase Boride/Carbide High-Entropy Ceramics 

112 

Krist·f Stºlczer: 

Challenges and risks of nuclear energy investments in Africa 
118 

Bence Ujhegyi, EnikŖ R®ka F§bi§n: 

Safety Protocols for Atmospheric Rocket Launches 
123 

Magyar szekci· / Hungarian Section 

Berzicai Kevin, V§radi P®ter, Luk§cs Judit: 

Mesters®ges intelligencia alap¼ dºnt®st§mogat· rendszer fejleszt®se g®pj§rmŤ biztos²t§si 

csal§sok felt§r§s§hoz ï 1. r®sz 

139 

Varga Vikt·ria Annam§ria, V§radi P®ter, Luk§cs Judit: 

Mesters®ges intelligencia alap¼ dºnt®st§mogat· rendszer fejleszt®se g®pj§rmŤ biztos²t§si 

csal§sok felt§r§s§hoz ï 2. r®sz 

145 

Matyasovszki M§rton G§bor, V§radi P®ter, Luk§cs Judit: 

Mesters®ges intelligencia alap¼ dºnt®st§mogat· rendszer fejleszt®se g®pj§rmŤ biztos²t§si 

csal§sok felt§r§s§hoz ï 3. r®sz 

151 

Bakosn® Di·szegi M·nika, Pelle Gyºrgy Tam§s: 

Mechanikus adapter fejleszt®se nyomtatott §ramkºri lapok tesztel®s®hez 
157 

Burai Istv§n Gyºrgy: 

Mesters®ges Intelligencia az oktat§sban 
163 

Cocchioni Vince: 

A 3D nyomtatott k®zprot®zisek leg¼jabb fejleszt®sei 
172 

F¿lºp Fruzsina, Sz®ll Attila, Horv§th Rich§rd, Marosn® Berkes M§ria: 

Betekint®s a DLC bevonatok extr®m-kis s¼rl·d§si viselked®s®nek h§tter®ben §ll· 

folyamatok saj§toss§gaiba 

176 

Hareancz Ferenc, Juh§sz Gergely, F§bi§n EnikŖ R®ka, Vida Ćd§m 

Kop§si tulajdons§gok vizsg§lata nagy-entr·pi§j¼ ºtvºzetek eset®ben 
190 

Horv§th-Kiss Anik·, Ćcs Szilvia, Fregan Beatrix, Rajnai Zolt§n: 

V®szhelyzeti kont®ner biztons§gtechnikai rendszer®nek megtervez®se 
195 

Horv§th-Kiss Anik·, Ćcs Szilvia, Fregan Beatrix, Rajnai Zolt§n: 

V®szhelyzeti kont®ner k¿lºnleges rendszerei 
207 

Horv§th-Kiss Anik·, Ćcs Szilvia, Fregan Beatrix, Rajnai Zolt§n: 

Fel¿letvizsg§l· robot kommunik§ci·s platform kialak²t§s 
218 



8 

 

Horv§th-Kiss Anik·, Ćcs Szilvia, Fregan Beatrix, Rajnai Zolt§n: 

Ipari robotok kialak²t§sa, alkalmaz§suk 
224 

Janssens Adri§n Joshua: 

Az angol-zulu h§bor¼ brit tisztek memo§rj§b·l 
233 

Juh§sz Gergely, Hareancz Ferenc, F§bi§n EnikŖ R®ka, Vida Ćd§m: 

Nagy hŖm®rs®kletre sz§nt nagy-entr·pi§j¼ ºtvºzetek oxid§ci·ja 
239 

Kiss G§bor Ferenc: 

Tenger®szgyalogs§g 2030 
246 

K·s Gyºrgy, Daruka Norbert, Elek Barbara 

T¼l®l®si es®lyek nºvel®se potenci§lisan gyors tŤzterjed®snek kitett helyis®gekben 
252 

LŖrincz L§szl·: 

Lok§lis kºzgyŤjtem®nyi rakt§rak mŤt§rgyv®delme 
258 

Mezey Csaba Bence: 

Lakhat§ssal a b®k®®rt ï A Briggs-terv ®s a Strategic Hamlet Program ºsszehasonl²t· 

elemz®se 

264 

Nagy Rudolf: 

Munkahely-ergon·miai vizsg§lat a pamutfon§s technol·giai fejlŖd®s®nek aspektusaiban 
269 

Nyikes zolt§n, T·th L§szl·: 

Katonai innov§ci·k polg§ri alapokon, az inform§ci·s eszkºzºk ¼j korszaka 278 

Olasz Lajos: 

A magyar l®gierŖ H®ja vad§szrep¿lŖg®pei a doni fronton 284 

Olesnyovicsn® Szabadi Zsuzsa, Marosn® Berkes M§ria, R®ger Mih§ly,  

Horv§th Rich§rd: 

SLM technol·gi§val gy§rtott EOS Maraging MS1 alkatr®szek termodinamikai elemz®se 

konstans hev²t®si sebess®g mellett v®gzett DSC vizsg§lattal 

296 

Pint®r P®ter: 

Pneumatikus terhel®svizsg§l· berendez®s modellez®se 303 

P·csik Gyºrgy, Ol§h Ferenc, Havasr®ti Krist·f, Horv§th Rich§rd: 

Bet®tedzett DLC bevonattal rendelkezŖ darabok vizsg§lata Daimler-Benz elj§r§ssal 308 

R§czi Viktor Gergely, Mik· Bal§zs: 

Furatmegmunk§l§si elj§r§sok ºsszehasonl²t· vizsg§lata 314 

Steiner Attila:  

BŤnºz®s a t®rfigyelŖ kamer§k t¿kr®ben 320 

 



9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Angol szekci· / English section 



10 

 

 

Engineering Symposium at B§nki 

(ESB 2024) 

 

 

Maximizing Efficiency and Power Quality: A Deep Dive 

into Hybrid Buck -Boost, Cuk, and SEPIC Converter 

Topologies 
1Ahmed Amgad Naji Ali, 2Gyºrgy Gyºrºk, 3Judit Luk§cs, 4Zolt§n Rajnai  

1Obuda University, B§nki Don§t Faculty of Mechanical and Safety Engineering, Doctoral School 

on Safety and Security Sciences, Budapest, Hungary, ahmed.amgad@uni-obuda.hu  
2Obuda University Alba Regia Kar, Sz®kesfeh®rv§r, Hungary, gyorok.gyorgy@amk.uni-obuda.hu 
3Obuda University, B§nki Don§t Faculty of Mechanical and Safety Engineering, Budapest, 

Hungary, lukacs.judit@bgk.uni-obuda.hu 
4Obuda University, B§nki Don§t Faculty of Mechanical and Safety Engineering, Budapest, 

Hungary, rajnai.zoltan@bgk.uni-obuda.hu 

 

Abstract  

In power electronics, DC-DC converters play a crucial role in industrial power supplies and 

battery charging. To increase efficiency, simplify design, and enhance power factor, a single-

switch hybrid converter integrating SEPIC and Cuk is introduced in this work, along with 

comparisons of hybrid Buck-Boost, Cuk, and SEPIC topologies. The suggested converters 

increase efficiency while reducing size, cost, and total harmonic distortion (THD) by eliminating 

the need for transformers. These hybrids perform better in simulations than traditional designs, 

making them perfect for low-THD, high-efficiency applications in contemporary power systems. 

In addition, the safety road to make the load operation with high performance to minimize the 

overshoot at the starting operation of the converter, by using that technology can reduce that risk. 

Keywords: DC-DC converters, hybrid Buck-Boost, Cuk, SEPIC, high-efficiency applications 

 

1. Introduction  

The proposed converter is designed to achieve high voltage gain and efficiency while 

minimizing total harmonic distortion (THD). This is particularly beneficial for applications 

requiring effective power conversion under varying duty cycles. The combination of SEPIC, Cuk, 

and buck-boost converters allows for two output voltages of the same magnitude but opposite 

polarity, making it a versatile solution for modern power supply needs. The paper also presents a 

Simulink model to simulate the converter's performance, comparing it with traditional SEPIC, Cuk, 

and buck-boost converters under ideal assumptions. A DC-DC converter, also referred to as a DC 

converter, is a circuit that converts high-frequency power by using inductors, capacitors, and rapid 

switching to reduce noise in DC voltage circuits. It can be viewed as the DC equivalent of a 

continuously variable turn-ratio transformer. Its main application is for stepping up or down the 

voltage from DC voltage sources [1]. A new method for simple switching dual structures defines 

two capacitors and two to three diodes. The input voltage can be stepped up using these circuit 

blocks [2]. Switching DC-DC converters are critical power electronics devices found in a wide range 

of applications. For years, several well-known single-inductor DC-DC converters, such as Buck, 

Boost, CSC (Canonical Switching Cell), and buck-boost single inductor converters, as well as well-

known two-inductor topologies, Cuk, SEPIC, and Zeta converters, have been studied from various 

mailto:ahmed.amgad@uni-obuda.hu
mailto:gyorok.gyorgy@amk.uni-obuda.hu
mailto:lukacs.judit@bgk.uni-obuda.hu
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perspectives (voltage gain, operating principle, voltage and current stress, and efficiency) [3][4]. To 

address the challenges associated with traditional power conversion methods, this research proposes 

a hybrid bipolar DC-link converter that combines the SEPIC, Cuk, and buck-boost converter 

configurations. The innovative design incorporates a switched inductor-based gain-enhancing 

technology, which utilizes two inductors and three diodes. This approach aims to optimize circuit 

design while reducing costs and meeting the requirements of high-gain applications [5]. The use of 

an IGBT switch is particularly noteworthy, as it offers superior voltage and power handling 

capabilities compared to MOSFETs, making it suitable for the voltage stresses encountered during 

the operation of the combined converters [6]. 

When selecting a converter for electric vehicles and battery charging, the hybrid bipolar DC-

link converter combining SEPIC and Cuk designs is advantageous due to its high voltage gain and 

efficiency. This converter minimizes output ripple through an input LC filter, ensuring stable 

performance while reducing overshoot. Implementing a closed-loop control system enhances safety 

by synchronizing input and output operations, which is crucial for maintaining reliability in varying 

load conditions. Additionally, using a single IGBT switch simplifies the control structure, mitigating 

the adverse effects of blocking circuits on the AC power supply. 

1.1. Operation and analysis of the novel converters  

In this topology, a single switched capacitor network with closed-loop control is introduced, 

eliminating the need for a transformer and reducing equipment cost and weight. The design consists 

of a basic single-phase rectifier followed by the switched capacitor network and a high-frequency 

DC-DC converter used for both the positive and negative cycles. This transformer-less bridge 

rectifier is expected to achieve higher efficiency by reducing hysteresis and eliminating energy 

losses typically caused by transformer magnetization. 

 

 

 

 

 

 

Figure 1. Novel buck-boost converter 

 

                   Figure 2. Novel Cuk converter [7]                     Figure 3. Novel SEPIC Converter [4] 
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Figure 4. Processing of converters 

Table 1. Converters symbols 

Symbols Names 

ὒ  Input inductance 

ὅ  ὅ Blocking switch capacitance 

ὒ Output inductance 

ὅ Output capacitance 

R Output resistance 

D Ideal diode 

Toff Time switching during the off state 

Ton Time switching during the on state 

1. ĄWork operation of the novel buck-boost converter: 

During Ton, the buck-boost inductor L0 and output capacitor C0 are charged by the switched 

capacitors C1 and C2 for a positive half cycle with half of the DC link voltage since these switched 

capacitors become parallel due to the reverse bias of D12 and forward bias of D1 and D2. However, 

during Toff , C1 and C2 are charged in series with the DC link voltage since D12 becomes forward bias. 

Furthermore, the current in the buck-boost inductor L0 continues through the freewheeling diode D0 

charges the output capacitor C0. 

Working operation of the novel Cuk converter: 

For the topology, during Ton, the Cuk inductor L0 and output capacitor C0 are charged by the 

switched capacitors (C1 and C2) with half of the DC link voltage since these switched capacitors 

become parallel due to the reverse bias of D12 and forward bias of D1 and D2. However, during Toff , 

C1 and C2 are charged in series with the DC link voltage since D12 becomes forward bias. 

Furthermore, current in the Cuk inductor L0 continues through the freewheeling diode D0 charges the 

output capacitor C0. 

Working operation of the novel SEPIC converter: 

For the topology, during Ton, the SEPIC inductor L0 and C0  are charged by the switched capacitors 

(C1 and C2) with half of the DC link voltage since these switched capacitors become parallel due to 

the reverse bias of D12 and forward bias of D1 and D2. However, during Toff , C1 and C2  are charged in 

series with the DC link voltage since D12 becomes forward bias. Furthermore, the current in the 

SEPIC inductor L0  continues through the freewheeling diode D0 and charges the output capacitor C0. 

1.2. Voltage gain with duty cycle of the converters  

The duty cycle of the switching determines the voltage gain of the three types of DC-DC 

converters that use switching capacitance while the switching is operating in the on and off states. 

Every kind of convertible converter has a different voltage gain, as does the novel voltage gain. The 

voltage gain is obtained using the driving equations for both the novel converter and the 
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conventional. 

1. Novel buck-boost converter. 

The voltage gain of the proposed converter can be obtained from the volt-sec balance across 

inductors over the switching frequency. 

The conventional converter, 

ό

ό  
 

‏

ρ ‏
 (1) 

For the novel converter, the voltage gain will be, 

ό

ό  
 

‏

ρ ‏ ς ‏
 (2) 

By comparing (1) and (2), we can see that (2) has an extra term (2 - ‏) in the denominator. The 

term (2 - ‏) is greater than 1 whenever the duty cycle is between 0 and 1. This suggests that the 

recommended converter has a greater step-down capability than the conventional one. 

2. Novel Cuk converter. 

The same techniques are employed that allow the volt-sec balance across the inductance of the 

converter in order to drive the equation for the Cuk converter. 

The conventional converter, 

ό

ό  
 

‏

ρ ‏
 (3) 

But after adding the switching capacitors, the novel voltage gain for the Cuk converter, 

ό

ό  
 

‏

ςρ ‏
 (4) 

Comparing (3) and (4), it can be said that these proposed converters step down two times steeper 

than that of conventional Cuk converter. 

3. Novel Sepic converter. 

Regarding the voltage balance sequence passing through the inductance of the converter, the 

voltage gain will be obtained. 

The conventional SEPIC converter, 

ό

ό  
 
‏

ρ ‏
 (5) 

After having added filtering capacitance to the switching the voltage gain of the novel converter, 

ό

ό  

‏

ρ ‏ ς ‏
 (6) 

It is observed that (6) has an additional term (2 - ‏)in the denominator by comparing (5) and 

(6). Whenever the duty-cycle falls between 0 and 1, the term (2 - ‏) is greater than 1. This indicates 

that the suggested converter can step up more than the traditional one. 

When comparing the three converters, each one will accept the positive direction of the SEPIC 

in the same way as it accepts the output direction in terms of voltage for the novel SEPIC and buck-

boost. 
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Figure 5. The voltage gain of the difference converter 

The voltage gain of six distinct converters is shown as a function of the duty cycle in Figure 5, 

which also highlights the performance of each converter between 5% and 50% duty cycle. As 

expected for its step-down function, the buck-boost converter exhibits a negative voltage gain that 

falls as the duty cycle rises. The new converter performs better thanks to a new term in its equation 

that causes a slight drop in voltage gain. Both the Cuk and novel Cuk converters show negative 

gains; however, the output of the novel Cuk converter is more controllable due to its smoother 

decrease. Both the SEPIC and the novel SEPIC converters exhibit positive voltage gains; however, 

the novel SEPIC converter's rise is steeper, suggesting that it is capable of greater step-up. In 

comparison to conventional designs, the new converters improve voltage conversion efficiency 

overall and offer enhanced control and performance. 

1.3. Efficiency Analysis with duty cycle of the converter  

As the title of the paper says, the main tasks for those converters are increasing the efficiency 

of the converters to prepare the decrease in the total losses of the converters that can be used as the 

supplier for EV charging and many other applications. 

1. Novel buck-boost converter and SEPIC converter. 

Both converters have the same equations then the efficiency of our proposed converters is expressed 

as follows,  

– 
”

”

ό

ό  

ρ ‏ ς ‏

‏
 (7) 

The efficiency of the conventional buck-boost converter is 

– 
”

”

ό

ό  

ρ ‏

‏
 (8) 

Comparing (7) and (8), we got, 

–  – ς  (9) ‏

Since the term (2 - ‏) is always greater than 1, the efficiency of our proposed converters is greater 
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than the conventional one for any duty cycle. 

2. Novel Cuk converter. 

The efficiency of our novel converters is expressed as follows, 

– 
”

”

ό

ό  

ς ρ ‏

‏
 (10) 

Comparing (8) and (10), we got, 

–  – Ͻ ς  (11) 

 

Therefore, it is clear that these proposed converters have twice the efficiency of conventional ones 

for any duty cycle. 

2. Output results of the converters  

The following assumptions were made to simplify the theoretical analysis. 

1. All the components are assumed to be ideal. 

2. For the simplification of analysis, |Vin| was considered as a purely rectified sinusoidal source. 

3. A Larger value of output capacitor C0 was considered to refer to u0 as a pure DC voltage. 

4. Both converters have been simulated using PSPICE for the following data specifications. 

Table 1. Data of simulation 

Converters parameters Novel buck-boost Novel Cuk Novel SEPIC 

ὒ  σππ ϽρπὌ σππ ϽρπὌ υπ ϽρπὌ 

ὅ  ὅ υππ ϽρπὊ υππ ϽρπὊ ρππ ϽρπὊ 

ὒ ρςππ ϽρπὌ χππ ϽρπὌ σπππ ϽρπὌ 

ὅ ρχππ ϽρπὊ ρπππ ϽρπὊ τπππ ϽρπὊ 

R ρππ  ρππ  ρππ  

 

2.1. Comparison results of novel buck-boost converter 

1. Input Power Factor Comparison: 

Our proposed topology has a higher power factor than the conventional buck-boost converter as 

illustrated below. The input inductor Lm, followed by the switched capacitor network, forms an input 

L-C type filter for each half cycle of operation. This L-C input filter reduces the input current ripple 

and harmonics. Thus, it improves the input power factor (IPF) in our proposed topology. 
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Figure 6. IPF of buck-boost comparison 

2. Efficiency and THD Comparison: 

Our proposed topology reduces the Total Harmonic Distortion (THD) of the input current compared 

to the conventional buck-boost converter by introducing an L-C input filter, which utilizes an input 

inductor and a switched capacitor network, thereby minimizing current ripple. Additionally, the 

proposed design offers higher efficiency, especially with the single-stage switched capacitor 

network configuration. The use of transformerless bridge rectifiers reduces hysteresis losses, leading 

to improved energy efficiency. Mathematically, it has been proven that this topology outperforms 

the conventional buck-boost converter in terms of both THD reduction and efficiency. 

 

Figure 7. Efficiency and THD of buck-boost converter 
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2.2. Comparison results of novel Cuk converter 

1. Input Power Factor Comparison: 

The proposed topology improves the power factor compared to the conventional Cuk converter 

by using an L-C input filter. This reduces current ripple and harmonics, resulting in a higher power 

factor. 

 

 

 

 

 

 

 

 

 

 

Figure 8. IPF comparison of Converter 

2. Efficiency and THD Comparison: 

The proposed topology is more efficient than the conventional Cuk converter due to its single-

stage switched capacitor network and transformerless bridge rectifier, resulting in reduced energy 

loss. It also features lower total harmonic distortion (THD), with an L-C input filter that minimizes 

current ripple. 

Figure 9. Efficiency and THD of Cuk converter 

2.3. Comparison results of novel SEPIC Converter 

The proposed topology offers improved performance over the conventional SEPIC converter by 

providing a higher power factor due to the L-C input filter, which reduces current ripple and 

harmonics. It also achieves greater efficiency through the use of a single-stage switched capacitor 
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network and transformer-less design, minimizing energy loss and hysteresis. Furthermore, the 

topology results in lower total harmonic distortion (THD) by reducing input current ripple, making 

it a more efficient and reliable solution for power conversion. 

 

 

 

 

 

 

 

Figure 10. Comparison of SEPIC converter 

 

Figure 11. The final performance 
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3. Conclusion  

The novel converters, including buck-boost, Cuk, and SEPIC demonstrate significant 

improvements in efficiency, Input Power Factor (IPF), and Total Harmonic Distortion (THD) 

compared to conventional designs, making them suitable for electric vehicle (EV) charging 

applications. The Buck-Boost converter achieves the highest efficiency (0.9781), while the Cuk 

converter boasts the best IPF (0.9047) and lowest THD (0.4070), indicating superior power quality. 

These enhancements, particularly in capacitance switching performance, enable better handling of 

dynamic loads, ensuring optimal energy transfer, reduced harmonics, and improved safety, thereby 

facilitating the transition to sustainable transportation solutions. 
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Abstract 

In this article, we introduce some results concerning certain characteristics of cyber-attacks 

against social critical infrastructure. The investigation applies a quantitative approach based on 

statistical analysis of relevant data sources and a secondary dataset for the purpose of network 

analysis. From an operational perspective, a model of network asymmetry is introduced and 

utilized while exploring patterns of structural advantages. Based on the results, cyber-attacks 

against social critical infrastructure show an increasing trend in the last decade and have caused 

significant damages dominantly private targets, with some key actors in the network of the 

countries concerned. 

Keywords: Cyber Operations, Critical Infrastructure, Data Analysis, Network Advantage 

 

1. Introduction and research problem 

Cyberspace ï with its physical and cognitive elements ï can be considered a crucial sphere of 

the increasingly complex societies of the new millennium, but it is an area that deserves special 

attention when examined in terms of the challenges, risks, and threats associated with various critical 

infrastructure elements. Based on the sectoral security concept by Buzan and his co-authors [1], we 

can distinguish segments of complex social systems. Among these, the informational sector of 

security is typically associated with the IT tools of various organizations and users. In this research, 

however, we approach this dimension of security related to cyberspace as having significant 

relevance for all aspects of the given society as a complexity, i.e., it affects the state and functioning 

of other sectors of security. In accordance, in the multi-domain approach of conflicts [2], the multi-

actor [3] and multidimensional [4] cyberspace is one of the five areas in which threats can unfold 

[2, 5, 6]. The complex nature of cybersecurity is particularly important with regard to critical 

infrastructure [7], and as a kind of circular process, cyberspace itself currently also constitutes a kind 

of critical infrastructure [8]. 

This article introduces some of the research results concerning the trends, patterns, and 

characteristics of cyber attacks by state actors [9] in a specific area: social critical infrastructure in 

the new millennium. Our particular interest concerns the structural characteristics of the network 

evolving from the cyber operations. 

2. Methodological background 

The investigation is based on a quantitative approach applying the method of secondary data 

analysis. In order to explore the patterns and characteristics of cyber operations targeting social 

assets of critical infrastructure, the DCID dataset has been utilized [10], which contains several 

different aspects of interstate cyber operations with a total sum of 429 cases regarding the time 

period between 2000 and 2020. In the course of data analysis, we applied statistical description and 
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comparisons, furthermore, some elements of network analysis methods. In each case, if not indicated 

otherwise, Chi-square tests were used to statistically investigate the significance of the differences 

measured in the comparisons, considering an alpha of 0.05. 

2.1 Conceptual and operational considerations 

In the examination the following sectors of critical infrastructure were considered to be relevant 

as social ones: Commercial Facilities; Communications; Emergency Services; Financial Services; 

Food and Agriculture; Healthcare and Public Health; Transportation Systems; Water and 

Wastewater Systems; Other (Election Infrastructure, Academia); and all the other sectors (Chemical; 

Critical Manufacturing; Dams; Defense Industrial Base; Energy; Government Facilities; 

Information Technology; Nuclear Reactors, Materials, and Waste) were grouped in the other 

category. 

As for the operationalization of the network characteristics we introduced [11] and applied in 

this analysis, the concept of network asymmetry or structural advantage is based on two different 

aspects. On the one hand, it is worth distinguishing between relational ï i.e., link or edge-based ï 

and node-based ï i.e., actor-based ï forms from the [1] formal aspect. On the other hand, a [2] 

character-based breakdown can be applied, which refers to whether a single link or possibly multiple 

or multi-dimensional relationships are characteristic between the parties involved. By combining the 

two aspects, more complex patterns of network benefits can also be interpreted or examined through 

practical examples of various possible cases. 

Table 1. Dimensions and forms of network advantages (own edition) 

 
Nature of ties 

simplex multiplex  

formal 

aspect 

relational 1 3 

node-based 2 4 

3. Research results 

3.1 Trends of the cyber incidents 

Critical infrastructure elements classified as social critical infrastructure and other categories 

appear in approximately one-third to two-thirds of the cyber-attacks examined here (31.2% and 

68.8%), and clear differences can be seen in the temporal trends of the operations. Cyber-attacks 

against social critical infrastructure typically occur at a lower rate, but the data shows a continuous 

increase (Figure 1.A). Apart from some minor declines, a stable positive trend can be revealed (this 

is particularly clearly visible in the data series containing cumulative values), while the pattern can 

be considered much more varied for operations against other targets, and from 2015 onwards, a 

fundamentally decreasing trend prevails ï to the point that by the end of the investigated period, 

attacks against socially relevant critical infrastructure exceed the number of operations against other 

systems. So, a generally different pattern can be observed since the mid-2010s, with an increase in 

attacks against social critical infrastructure elements and a decrease in operations against other 

targets, which may indicate the increasing importance of the former. 
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Figure 1. A, B. Tendencies and damage type of cyber attacks (own calculations) 

3.2 Composition and characteristics 

In the case of attacks against critical social infrastructure, civilian non-state targets represent a 

dominant proportion (71.6%), followed by government non-military targets at a relatively higher 

rate (23.9%). While in the case of other operations, this latter category appears at the highest rate 

(49.2%), and civilian and government military targets occur at a similar rate (p=0.000). Although 

the nature of the damage caused by the attacks cannot be considered statistically significant 

(p=0.063), based on the relevant statistical indicators, a notable difference emerges in terms of 

delayed damage (Figure 1.B). The residual values indicate that direct and delayed attacks occur in a 

slightly higher proportion (45.4%) in the case of operations against social critical infrastructure, 

while in the other group of attacks, indirect and delayed damage forms can be observed in a 

somewhat higher proportion. That is, the role of delayed effects in attacks against socially relevant 

critical infrastructure can be considered remarkable, which can also be interpreted as a kind of 

peculiarity in terms of the complexity of social systems and their potential level of resilience. An 

interesting difference can be measured regarding information operations (p=0.046). Actions against 

other types of critical infrastructure are coupled with information operations in a proportion of about 

one quarter (25.1%), while in the case of socially relevant critical infrastructure, this share does not 

reach one-fifth (16.4%), which implies a less complex picture. Similar results appear in terms of the 

additional actors possibly present in the composition of cyber operations ï a presence of a possible 

third party (additional state actor, rebel group, corporation). Based on the data, these actors are 

present with greater frequency (9.2%) in attacks against other types of critical infrastructures, while 

in the field of operations against social critical infrastructure, their proportion is lower (p=0.048), at 

only 3.7%. This also implies a less complex pattern of cyber operations against social critical 

infrastructure1. 

Table 2. Some characteristics of cyber-attacks (own calculations) 

 information operation third -party initiator  

other critical infrastructure  25.1% 9.2% 

social critical infrastructure  16.4% 3.7% 

 

 
1 No statistically significant difference can be measured regarding the objectives (p=0.128), attack methods (p=0.412), 

objective achievement (p=0.239), the presence of supply chain attack (p=0.698), concessionary behavioural change 
(p=0.269), and ransomware attacks (p=0.091). 
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3.3 Network structure and characteristics 

The investigated cyber-attacks against social critical infrastructure evolve into a network of the 

countries concerned, with a total sum of 24 nodes and 244 ties (Figure 2). The network proves to be 

an integrated one, since all of the nodes can be reached by any of them at least indirectly through 

paths of different lengths. However, the structure could also be considered fragmented, as different 

clusters can be explored in the network. These clusters prove to evolve around the main actors of 

the cyber sphere: China, Russia, Iran, and North Korea are the countries that seem to dominate the 

network structure of the countries involved in attacks against social critical infrastructure. The 

seizure of the hubs around Russia and China is approximately similar to 8-9 other countries, and in 

this sense, North Korea and Iran could also be considered identical, as their sub-network consists of 

a similar number [4,5] of adversaries. The activities in the cyber sphere of these four major countries 

overlap in different ways ï this can be demonstrated most clearly with the United States, which is 

part of all of the clusters. That is why the United States can be found in the most central position of 

the network, and a partially similar position can be seen in the case of the United Kingdom, which 

has been attacked by China, North Korea, and Russia as well. From this perspective, Turkey, France, 

and Japan also have a similar position around the borders of more network segments of the four 

main actors. 

 

Figure 2. Network of the countries involved in the cyber-attacks 

The network ï at least partially ï also reflects some of the traditional opposing relations and 

even the actual conflicts implied by the mutual links (highlighted with red coloured tie) between 

certain nodes. India and Pakistan have a longer-term regional competitive relationship, which seems 

to be present in the cyber dimension as well. In the case of Israel and Iran, the situation is also 

similar. The Russo-Ukrainian conflict and the confrontation between China and Taiwan are reflected 

in the cyber network as well. The United States is also related to Russia and Iran with reciprocal 

ties, that is their generally competitive relation in the international sphere can also be illustrated in 

this section of the cyber activities. 

The positions of the countries in the network can be characterised with different measures and 
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figures. From an overall perspective the distribution of the ties can be considered rather concentrated 

as the share of three ones from the four main actors with the relative frequency of the United States 

covers more than half (59,8%) of the total ties with a dominant value of the United States (19,3%), 

and similar shares of China, North Korea and Russia (13,9%, 13,5% and 13,1% respectively). 

However, if we distinguish between the values of the directed links, it can be said that the United 

States has dominantly inward relations ï that is, in most of the operations, it is the attacked party ï 

while the other key actors have higher shares in the outward relations. The differences based on the 

distinction of the roles in the investigated cyber-attacks imply a slightly negative relation (Figure 

3.A) where the countries with a higher level of attacking activities tend to have lower values of 

becoming victims (and vice versa). However, there is a great variance among the countries. 

When investigating the different dimensions of network asymmetry, an opposite pattern can be 

explored ï in accordance with our essential presumption. In our initial model introduced above we 

distinguished between two aspects of structural advantage ï as for the perspective of the formal 

dimension we refer to the node-based aspect with the size of the network of the countries in the 

network, and as for the other dimension we quantify the aspect of simplex-multiplex nature of the 

relations by calculating the average number of ties. Comparing these values of the countries2 in this 

case involved in the cyber operations against social critical infrastructure a pattern with positive 

relation emerges (Figure 3.B). That is, the countries that have a higher position in one of the network 

advantage dimensions tend to be in a more favourable position from the perspective of the other 

dimension as well. The pattern of the values also implies that all the countries with values higher 

than the average in one dimension prove to have above-average values in the other aspect; 

furthermore, most of the countries with size values lower than the average can be found in the below-

average value range in the average tie dimension. 

    

Figure 3. A, B. Network Characteristics of countries in the network (own calculation) 

4. Concluding remarks 

Based on the results of the data analyses [1], social critical infrastructure as a target of cyber 

operations proves to cover approximately one-third of the attacks investigated, characterized by an 

increasing trend in the last decade. This category of critical infrastructure cyber-attacks [2] proves 

to have dominantly delayed damages on private targets with [3] methods, objectives, and success 

similar to the other group of critical infrastructure. As a kind of specific characteristic [4], the less 

frequent presence of information operations and other actor involvement could be explored in the 

case of the actions against social assets of critical infrastructure. The cyber operations investigated 

from a network perspective evolve into [5] structure built around some key actors which ï on the 

one hand ï seem to be gravitation points with particular network segments, and ï on the other hand 

 
2 In this case the data analysis needs to be narrowed down to the relevant part of the countries in the network that have 
attacking relations, that is the following considerations apply to the 14 states which have outdegree values. 
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ï these nodes are in certain cases [6] interlinked by mutual relations thus also enhancing the 

embeddedness of the network. Both from the perspective of the distribution of the [7] in- and 

outward ties among the countries and the values measuring the different aspects of network 

advantage, specific patterns could be explored, which, in the latter case, imply a kind of convergence 

of the characteristics or advantages in the network. 

Among some further possible directions of the investigation, a more complex, multi-variable 

statistical analysis of the cyber operations, a more profound study of the evolution of the network 

characteristics, and a comparative approach utilizing other relevant data sources can be considered 

in order to better evaluate the validity of the present outcomes. 
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Abstract 

What is an amphibious operation? What types of these operations are distinguished, and how did 

they change throughout the 20th century? In this study, I will examine the development of the 

United States Marine Corps (USMC) amphibious doctrine through the changing definitions of 

the types of these operations. During this period, new types of amphibious operations were 

created, in conjunction with the structural changes of the USMC and the evolution of military 

technology. 
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1. Amphibious operations 

According to the definition of amphibious operations stated in the latest edition of the Joint 

Publication 3-02 Amphibious Operations by the Joint Chiefs of Staff, ĂAn amphibious operation is 

a military operation launched from the sea by an amphibious force (AF) to conduct landing force 

(LF) operations within the littorals. The littorals include those land areas (and their adjacent sea 

and associated air space) that are predominantly susceptible to engagement and influence from the 

sea and may reach far inland.ò [1] 

These operations have four key characteristics: the coordination and cooperation of naval and 

landing forces, the rapid build-up of combat power on hostile shores, forces organized to the task, 

and the unity of effort and operational coherence.[2] In amphibious operations, the landing forces 

can be transported to the shores by amphibious vehicles or helicopters. The contemporary doctrine 

for amphibious operations differentiates five major types of these operations: amphibious assault, 

amphibious raid, amphibious demonstration, amphibious withdrawal, and other amphibious 

operations.[1] 

The USMC first published its amphibious doctrine in 1933, titled Tentative Manual of Landing 

Operations. In this, they distinguished three types of landing operations: main landings, secondary 

landings, and demonstrations. The Navy adapted these in 1938 under the title FTP 167 Landing 

Operations Doctrine. They also expanded the list of operations with a new type, called surprise 

landings, and this was the first time landing raids appeared as an objective of these operations, too. 

After World War II, these operations were called amphibious operations.  

In the 1960s, unified amphibious doctrines were created for the different branches of the US 

military, although every service used a different numbering system for them. The Marines adapted 

these doctrines under the title LFM 01 Doctrine for Amphibious Operations in 1962. This doctrine 

named four categories of amphibious operations: amphibious assault, amphibious raid, amphibious 

demonstration, and amphibious withdrawal. 
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During the 1980s and 1990s, the Joint Chiefs of Staff were working on a new system of unified 

doctrines for the military, under a common title and numbering system. Part of this progress was the 

Joint Publication 3-02 Joint Doctrine for Amphibious Operations in 2001, which divided 

amphibious operations into the five types, expanding the earlier list by the category of other 

amphibious operations. 

1.1. Main landings and the amphibious assault 

According to its definition, the main landing Ă[é] is the landing upon which the success of the 

tactical plan depends. In the assignment of troops and supporting ships, it has first consideration 

and must be assigned the forces necessary for its success. [é] In certain operations, no main 

landing may be initially designated; especially is this so where two or more strong landings are 

made and a large reserve is held out for the purpose of exploiting success. The landing which is 

exploited then becomes the main landing.ò [4]  

In contrast to this, the LFM 01 defined amphibious assaults relatively short, saying, ĂThe 

amphibious assault is the principal operational type of amphibious operation. It involves the landing 

and establishment of a landing force on a hostile shore.ò [5] 

The JP 3-02. Joint Doctrine for Amphibious Operations uses a more detailed definition for these 

operations: ñan amphibious assault involves the establishment of an LF on a hostile or potentially 

hostile shore. The organic capabilities of amphibious forces, including fire support, logistics, and 

mobility, allow the United States to gain access to a crisis area by forcible entry.ò [2]  

1.2. Secondary landings and subsidiary landings 

The Tentative Manual of Landing Operations defined secondary landings as: [Those landings 

that are] made outside the immediate area of the main landing, which directly or indirectly support 

the main landing. They may be made prior to, coincident with, or subsequent to the main landing. 

[é]ò [3] 

Although the title secondary landings vanished from the amphibious doctrines of the 1960s, there 

is a separate chapter in these publications, called subsidiary landings, which has an almost identical 

definition to them: ĂAn amphibious operation may require one or more subsidiary landings to be 

conducted outside the main landing area to support the main operation. These landings may be 

conducted before, during or after the main landing. [é]ò [4] 

Subsidiary landings are also mentioned in JP 3-02; however, that is only a subchapter of the 

action phase of amphibious operations. Their definition remained very similar to the ones from the 

previous publications: Ăa subsidiary landing is a landing, normally conducted by elements of the 

amphibious force, usually made outside the designated landing area to support the main landing. 

An amphibious operation may require one or more subsidiary landings conducted before, during, 

or after the main landing.ò [2] 

1.3. Demonstrations and amphibious demonstrations 

The demonstration is the last one of the three Ăoriginalò types. In the 1930s, it was defined as: 

ĂA Demonstration is an exhibition of force or movement indicating an attack, with or without an 

actual landing. It is made for the purpose of diverting enemy reserves, artillery fire, or aircraft, from 

the area of the main landing, or the retarding of enemy forces thereto.  [é]ò [3] 
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LFM 01 uses a very similar definition of amphibious demonstrations, but with different wording. 

It defines demonstrations as Ă[é] an operation conducted for the purpose of deceiving the enemy 

by a show of force with the expectation of deluding the enemy into a course of action unfavorable 

to him. The demonstration is a feint at landing involving an approach to a beach or landing zone. It 

is intended to confuse the defender as to the time, place or strength of the main attack, and normally 

includes preparatory and supporting fires.ò [4] 

In the 2001 doctrine, its definition has a short summary first, and then a longer explanation: ñThe 

amphibious demonstration is intended to confuse the enemy as to time, place, or strength of the main 

operation. [These operations] may be conducted in conjunction with other deception operations in 

order to delude or confuse the enemy. [é]ò [2] 

1.4. Surprise landings 

The Ăstrangestò type of landings, the surprise landing, is only mentioned in the FTP 167 Landing 

Operations Doctrine from 1938. Its definition is: ĂRubber landing craft, track landing vehicles, and 

other special types of boats, as well as parachute troops, and troops transported during the night 

from a distant base by patrol planes or large commercial clipper planes, should be utilized to the 

fullest extent to execute surprise landings at points where, due to the nature of the beaches or terrain, 

landings would not ordinarily be expected. These landings may be in connection with or part of the 

main or secondary landings and should be made in accordance with the same principles and for the 

same purposes as previously set forth in this section.ò[5] In my opinion, this definition shows the 

explorative nature of early doctrines, trying to invent new types of operations, using modern 

inventions, and new types of units for landing operations. 

1.5. Landing raids and amphibious raids 

The landing raids also first appeared in the FTP 167, although only as an objective of landing 

operations. Its description says, ĂLanding raids are generally made for the purpose of destroying 

enemy facilities and establishments [é], or for harassing defense forces, diverting attention from 

operations in other localities, and effecting division of enemy forces. Such operations depend largely 

for success upon rapidity of movement and surprise, and normally involve relatively small forces, a 

limited advance inland, and a quick withdrawal.[é]ò [5] The last sentence summarizes the most 

important aspects of raids, since its three key characteristics are the small, task-organized forces, 

swift incursion into the objective area, and a planned withdrawal at the end. 

The 1962 doctrine mentioned amphibious raid as a type of amphibious operations and used a 

similar definition. According to this, ĂAn amphibious raid is a landing from the sea on a hostile 

shore involving swift incursion into or temporary occupancy of an objective followed by a planned 

withdrawal.ò [4]  

The JP 3-02 also used a very similar definition for these operations, saying, ĂAn amphibious raid 

is an operation involving a swift incursion into or the temporary occupation of an objective to 

accomplish an assigned mission followed by a planned withdrawal.ò [2] 

  



  M§t® Domj§n ï (ESB 2024) 

 

29 

 

1.6. Amphibious withdrawal  

LFM 01 defined amphibious withdrawal as Ă[é] a withdrawal of forces by sea in naval ships or 

craft from a hostile shore.ò [4] This is relatively short, although it contains the important details of 

this type of operation. 

In 2001, the definition of this type of operation was almost the same as earlier. It says, 

ĂAmphibious withdrawals are operations conducted to extract forces by sea in ships or craft from a 

hostile or potentially hostile shore.ò [2] 

1.7. Other amphibious operations 

This is the Ăyoungestò type of amphibious operations, first published in 2001, and because of 

that, the definition of this type cannot be compared to the ones from earlier doctrines. In this 

publication, there is no real definition for these operations, although it has highlighted that the 

capabilities of amphibious forces are well-suited for military operations other than war (MOOTW) 

[2]. 

2. Conclusion 

The typology of amphibious operations went through many changes during the 20th century. 

From the definitions used in the different amphibious doctrines, we can see the similarities and 

differences between each doctrine. We can also trace the development of certain types from their 

definitions, and there are some types that were abandoned or ñdemotedò after an experimentation 

phase. The main landings of the 1930s became the archetype for amphibious assault, although 

elements of it were absorbed by some other types. The secondary landing lost its place amongst the 

types of amphibious operations; however, it was never completely forgotten. The demonstration 

changed the least, from the original types, only elements of its definition have been refined. The 

landing raid went from being only an objective of amphibious operations to becoming one of the 

most prominent types in the late 20th century, also becoming the basis for some other operational 

types. Amphibious withdrawals evolved during the second half of the century and went through only 

some minor changes. At last, the other amphibious operations, which were only published at the 

dawn of the 21st century, have become one of the most popular types of amphibious operations since, 

covering a wide range of operations, where military capabilities can be used, outside of fighting. 

From these, it is clear that the evolution of amphibious operations did not stop by the end of the 

century, and they have been developing ever since. The US Marines will always find a way to adapt 

to the changing world of conflicts, and wherever they go, the amphibious warfare will evolve with 

them. 
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Abstract  

In sports and athletic competitions, efficient lateral cutting maneuvers (LCMs) and directional 

changes are essential for optimal performance. This study involved 18 male athletes who were 

screened by professional physicians. A Random Forest classification model was employed to 

predict anterior cruciate ligament (ACL) injuries during outdoor LCMs and running. Results 

indicated that during 90Á LCMs, compared to LCMs in other directions and running, the knee 

joint experienced greater flexion angles, increased abduction moments, and elevated coronal-

plane knee contact forces. OpenSim calculations further demonstrated significantly higher ACL 

strain values during 90Á LCMs relative to other movement conditions. Training and validation 

of inertial sensor data using the Random Forest model revealed high sensitivity and accuracy in 

identifying key time-domain and frequency-domain features, specifically "kurtosis," "skewness," 

"variance," "energy," and the "25th percentile." 

Keywords: Lower limb biomechanics, anterior cruciate ligament, inertial sensors, machine 

learning  

 

1. Introduction  

In the aftermath of the COVID-19 pandemic, promoting physical and mental health through 

exercise has garnered widespread attention. With the implementation of relevant policies, 

participation in sports such as basketball, football, and badminton in stadiums has become 

increasingly accessible. In these sports, the ability to perform rapid directional changes and lateral 

cutting maneuvers (LCMs) is crucial for success [1]. Consequently, optimizing LCM execution for 

individuals and teams plays a significant role in both training and competition [2]. 

Successful execution of LCMs relies on two key requirements [3]. First, the center of mass 

(COM) must decelerate in the original direction and accelerate toward the new direction of motion. 

Second, the body must rotate accordingly toward the new direction. Research indicates that during 

90Á LCMs, the final ground contact before the transition phase is responsible for most deceleration. 

In contrast, the transition phase primarily facilitates acceleration into the new direction [4]. 

To achieve COM deceleration, athletes must produce a backward-directed ground reaction force 

(GRF) by positioning their COM behind the center of force application (CFA). Conversely, to 

accelerate in the new direction, they need to generate a forward-directed GRF by positioning their 

COM ahead of the CFA. Efficient transition between deceleration and acceleration within a short 

time frame is a key determinant of high-performance LCMs. 

Research indicates that 72% of ACL injuries result from non-contact mechanisms, while 28% 
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are caused by contact mechanisms [5]. A common non-contact mechanism involves deceleration 

before or during directional changes [6]. Building on these findings, numerous studies have 

examined lateral cutting maneuvers (LCMs) [7], landings [8], and jumping tasks [9], identifying 

harmful lower extremity biomechanics, such as increased knee valgus moments, elevated quadriceps 

EMG activity, and greater knee valgus anglesðall associated with non-contact anterior cruciate 

ligament (ACL) injuries. 

Traditional assessments of lower extremity injuries rely on 3D motion analysis systems and 

force plates to capture kinematic and kinetic data [10]. However, these methods are costly and 

spatially restrictive, limiting their use in clinical and sports settings [11,12]. In contrast, wearable 

devices can capture athletes' biomechanical characteristics in real-world environments, offering 

valuable insights for on-site analysis of complex movements [13,14]. Inertial Measurement Units 

(IMUs)ðwhich integrate gyroscopes, accelerometers, and magnetometersðare the leading tools 

for quantifying movement behaviors [15]. 

Studies combining inertial sensors with machine learning have demonstrated the effectiveness 

of these tools in preventing sports injuries [16-18]. Researchers collect data on post-surgery 

characteristics, technical errors in patients or athletes, and movement patterns of healthy individuals. 

After data post-processing and action recognition, these datasets are used to train algorithmic 

models. For injury prevention or rehabilitation diagnostics, classification models with binary outputs 

("0" or "1") are typically employed to indicate correct or incorrect movements, or injury presence or 

absence. These labeled inputs and outputs provide a clear and practical basis for decision-making in 

research and clinical practice. 

Building on these promising results, ACL injury prevention research can adopt a similar 

approach. Collecting movement characteristics associated with elevated ACL loads and comparing 

them to those with normal ACL loads, a machine learning classification model can be applied to 

distinguish between these conditions. This method may enhance the assessment of ACL injury risk 

during lateral cutting maneuvers (LCMs). 

2. Methods 

2.1 Participant Recruitment 

A total of 25 healthy male university students from Ningbo, who regularly engaged in sports 

involving frequent side-cutting movements (such as basketball, football, and frisbee) at least three 

times per week, were recruited through offline promotions, online recruitment, and other methods. 

All participants were free of foot deformities, lower limb muscle or joint injuries, and had no history 

of sports-related injuries or surgeries within the six months before the experiment. The experimental 

process and requirements were clearly explained to participants beforehand. 

To ensure eligibility, all participants underwent magnetic resonance imaging (MRI) scans and 

were assessed by professional physicians for knee ligament integrity. Ultimately, 18 participants 

met the minimum sample size criteria and were included in the study. All participants demonstrated 

right-leg dominance. 

The study was approved by the Ethics Committee of the Ningbo University Research Institute 

(RAGH20220929, September 29, 2022). Written informed consent was obtained from all 

participants, who were made aware of the study's objectives, procedures, and requirements. 

2.2 Experimental Procedure 

The Delsys EMG system (Delsys, Boston, MA, USA) was used to synchronously collect EMG 

signals from the right leg's biceps femoris, rectus femoris, tibialis anterior, and gastrocnemius 
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muscles at a sampling frequency of 1000 Hz for validation in the OpenSim model [19]. Infrared 

photoelectric timers (Smart Speed, Fusion Sport Inc., Burbank, CA, USA) monitored lateral cutting 

maneuver (LCM) speeds and calculated participants' maximum sprint speeds. Inertial sensors 

(IMeasureU V1, Auckland, New Zealand; dimensions: 40 Ĭ 28 Ĭ 15 mm, weight: 12g, resolution: 

16 bit) were affixed to the proximal and distal anteromedial tibiae of each participant's dominant leg 

using elastic bands, aligned with the vertical axis of the tibiae (see Figure 1) [20]. 

 

Figure 1. Raw tibial acceleration data (left) and anatomically fixed position of the IMU (right) 

Participants wore standardized tight shorts and identical footwear during testing. Each session 

began with a 10-minute warm-up guided by a professional fitness coach. Eligible male athletes 

performed LCM tests in a laboratory setting. 

Before the LCM test, participants completed three static standing trials by standing with feet 

shoulder-width apart on a force plate. For the LCM biomechanical tests and IMU data collection, 

participants accelerated to 70% of their previously measured maximum sprint speed upon the 

experimenter's command. After a 10-meter sprint, they entered the designated change-of-direction 

area (approximately 2 meters from the force plate) and executed LCMs or running actions according 

to randomly illuminated lights. 

Prior to each trial, participants stood still for 3 seconds at the starting position to facilitate the 

segmentation of acceleration phases, gyroscope data acquisition, and movement direction 

correction. The random light sequence was limited to a maximum of two repetitions to minimize the 

impact of familiarity on coordination and reaction speed. 

2.3 Data Processing 

Three-dimensional knee joint models were generated for all participants from MRI scans and 

analyzed following virtual ACL reconstruction using finite element software. Image segmentation 

to define skeletal boundaries was performed using Mimics 20.0 (Materialise, Leuven, Belgium). To 

refine uneven surfaces caused by stacked medical images, Geomagic Studio 2013 (Geomagic, Inc., 

Research Triangle Park, NC, USA) was employed. Each processed surface component was then 

imported into SolidWorks 2020 (SolidWorks Corporation, MA, USA) to create solid parts. In 

SolidWorks 2020, ligaments and muscle tissues were reconstructed based on the anatomical 
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characteristics of the knee and ankle joints. 

Previous studies have shown that the ACL exhibits viscoelastic properties, with tensile behavior 

dependent on strain rate or loading rate [21]. Consequently, the ACL was modeled as a nonlinear 

elastic passive soft tissue [22], with fixed insertion points in the femur and tibia.MATLAB was used 

for coordinate system conversion, low-pass filtering, data extraction, and dataset format conversion 

[19]. Kinematic data for static calibration and joint angle calculations were obtained from ñ.trcò 

files, while kinetic data, such as ground reaction forces, centers of pressure, and torques, were 

contained in ñ.motò files. Marker trajectories from LCM trials were processed using OpenSim 4.2 

(Stanford University, Stanford, CA, USA) to derive kinematic and kinetic data of the participants. 

Tibial accelerations during LCMs were synchronously recorded with a triaxial accelerometer at 

a frequency of 500 Hz, both in laboratory and field conditions. Linear trends in the raw data were 

removed using the least-squares best-fit line method [23]. A second-order Butterworth low-pass 

filter with a 60 Hz cut-off frequency was then applied [24]. While axial acceleration is frequently 

reported, recent studies advocate for the assessment of resultant acceleration [25,26]. Therefore, this 

study calculated resultant acceleration (RA) using the following formula: 

RA ὼ ώ ᾀ 

2.4 Establishment, Training, and Validation of the Random Forest Machine Learning 

Model 

In this study, six types of data features were extracted from two IMUs, with each IMU 

transmitting three-axis data features. Given the highly nonlinear and continuous nature of these input 

variables, the random forest method was deemed appropriate for analysis [27]. 

A robust nonlinear classifier, the random forest, was used to develop the classification model, 

comprising 128 decision trees. This number was determined after evaluating the accuracy of tree 

quantities ranging from 1 to 500. Although classification accuracy generally improves with more 

trees, gains beyond 128 trees were negligible. 

To balance the training data for binary classification (i.e., acceptable vs. abnormal repetitions), 

random instances from the overrepresented category were removed. Participants were excluded from 

analysis if they did not perform at least two repetitions per classification category, as insufficient 

data would hinder model training and testing. 

Model performance was evaluated using accuracy, sensitivity, and specificity metrics. Accuracy 

represents the overall classifier effectiveness and is calculated as the ratio of correctly classified 

examples to the total number of examples. Sensitivity measures the classifierôs ability to identify the 

target label, while specificity assesses its ability to detect the negative label. 

ὃὧὧόὶὥὧώ
Ὕὖ Ὕὔ
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2.5 Statistical Analysing 

All statistical analyses were conducted using SPSS 26.0 (IBM, NY, USA) and MATLAB 

R2018a (The MathWorks, Natick, MA, USA). The Shapiro-Wilk test was performed to assess 
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Gaussian normality. For data that did not meet normality assumptions, a secondary check was 

conducted using the Q-Q normal distribution plot. Based on the results of the normality tests [28], 

one-way repeated measures ANOVA with Statistical Parametric Mapping (SPM1d) or Non-

Parametric Mapping (SnPM1d) was used to compare knee joint angles, moments, contact forces, 

and ACL strains across different side-cutting directions and running during the LCM phase. Holm-

Bonferroni correction was applied to account for multiple comparisons. Pearson correlation 

coefficients (rĮ) were calculated to assess linear relationships between ACL stress and strain. 

Statistical Parametric Mapping (SPM) involves analyzing one-dimensional biomechanical data, 

such as joint angles, moments, ground reaction forces, and electromyography, after temporal-spatial 

smoothing and standardization. Originating from neuroimaging, SPM offers advantages over 

traditional methods that assess discrete points, enabling the analysis of continuous biomechanical 

data. 

3. Methods 

3.1 Kinematics 

The results showed that there were significant differences in knee flexion-extension angles 

among subjects when performing 90Á, 45Á LCM, and running (5%-95% of the stance phase, 

P<0.001, F=4.162); there were significant differences in knee internal-external rotation angles 

during 8%-91% of the lower limb support phase (P=0.001, F=12.615); and there were significant 

differences in knee abduction-adduction angles during 0%-100% of the lower limb support phase 

(P<0.001, F=6.452). Post-hoc comparison of knee flexion angles revealed that knee flexion angles 

during 90Á LCM were significantly greater than those during 45Á LCM (P<0.001) and running 

(P<0.001), respectively, during 20%-82% and 8%-95% of the support phase; knee flexion angles 

during 45Á LCM were significantly greater than those during running (P<0.001). Using one-way 

repeated measures ANOVA in SnPM1d, the results showed that there were significant differences 

in knee strain changes among subjects when performing 90Á, 45Á LCM, and running (0-100% of the 

support phase, P<0.001, F=12.162). 

 

Figure 2. Changes in the joint angle of the knee joint during the support period during various 

movement states, 
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Figure 3. The ACL strain of the knee joint was changed during 45Á, 90Á LCM, and running. 

Figures B, C, and D represent the change in standard deviation at 45Á, 90Á LCM, and 

running, respectively. 

3.2 Dynamics 

Using the one-dimensional single-factor repeated measures ANOVA in SnPM1d, the results 

showed that there were statistically significant differences in knee flexion-extension moments 

during the 0%-45% (P=0.01) and 55%-98% (P=0.01) stance phases, as well as internal-external 

rotation moments during the 10%-100% (P=0.042) stance phase, and abduction-adduction moments 

during the 0%-15% (P=0.01) and 20%-100% (P=0.01) stance phases when subjects completed 90Á, 

45Á LCM (Lateral Cut Movement), and running. Post-hoc comparisons of knee flexion-extension 

moments revealed that the knee flexion moment during 90Á LCM was significantly smaller than that 

during 45Á LCM in the 0%-6% and 65%-85% stance phases (P=0.01 and P=0.01, respectively) and 

significantly larger than that during running in the 11%-30% and 55%-72% stance phases (P=0.001 

and P=0.001, respectively). The results of the one-dimensional single-factor repeated measures 

ANOVA in SnPM1d also showed that there were statistically significant differences in contact 

forces in the sagittal plane (10%-100%), frontal plane (10%-30%, 60%-87%), and transverse plane 

(10%-34%, 40%-60%) of the knee joint during 90Á, 45Á LCM, and running, with statistical results 

of P=0.020, P=0.042, and P=0.030, respectively. Post-hoc comparisons of sagittal plane contact 

forces revealed that knee contact forces during 45Á LCM were significantly greater than those during 

90Á LCM (10%-99% stance phase, P<0.001) and running (20%-80% stance phase, P<0.001); during 

the 38%-80% stance phase, knee contact forces during 90Á LCM were significantly greater than 

those during running (P<0.05). 
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Changes in joint moments of the knee joint during the support period for various movement states 

 

Figure 5 Variation of joint contact forces at the knee joint during the support period for various 

states of motion 

3.3 Performance of the "Random Forest" Classification Model 

In this study, a total of 18 subjects were recruited to collect 300 sets of feature data from two 

IMUs (Inertial Measurement Units) outdoors and indoors during 45Á, 90Á, 135Á, 180Á LCM, and 

running, totaling 600 sets of IMU data as the overall dataset. Among them, IMU data with ACL 

strain levels between 9% and 15% and accounting for more than 50% of the standing phase during 

a complete movement were considered as "high ACL strain IMU data," and a total of 150 sets of 

data were obtained through OpenSim simulation calculations, while the remaining data were 

considered as "low ACL strain IMU data." "Mean," "RMS" (Root Mean Square), "standard 

deviation," "kurtosis," "median," "skewness," "variance," "maximum value," "minimum value," 

"energy," "25th percentile," and "75th percentile" were used as the feature values for each set of 

IMU data for training and obtained the following training performance (See Table 1). 
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Table 1. Training results for feature data 

Eigenvalue Accuracy (%) Sensitivity (%) Specificity (%) 

Mean value 82 80 93 

RMS 85 72 90 

Kurtosis 96 86 92 

Mid-value 92 88 90 

Skewness 97 90 86 

Yariance 95 88 88 

Maximum value 90 82 93 

Minimum value 91 83 80 

Energy 96 92 82 

The 25th percentile 96 89 93 

The 75th percentile 92 90 91 

4. Discussion 

This study employed finite element simulation software, such as Mimics and Geomagic Studio, 

to model nonlinear elastic passive soft tissues and imported them into the OpenSim platform to 

create personalized musculoskeletal models. The secondary aim was to investigate the impact of 

different LCM directions on lower limb biomechanics by comparing knee joint angles, moments, 

and contact forces during the stance phase of LCMs in various directions and running. Additionally, 

ACL strain and stress were quantified using the CMC (Computed Muscle Control) and FD (Force 

Direction) tools. The findings revealed that during rapid deceleration and direction change in 135Á 

and 180Á LCM scenarios, the early involvement of the hip joint and the forward shift of the body's 

center of mass resulted in significantly lower ACL strain compared to the 90Á LCM, with a strain 

range between 9%-10%. Consequently, this study focused on LCM directions between 90Á and 45Á. 

Furthermore, the study aimed to classify and train LCM feature data from different directions by 

developing a machine learning classification model, with the goal of enabling accurate ACL injury 

assessment using a small number of portable sensors. 

The results of this study indicated that the knee flexion and valgus angles during 90Á LCM were 

significantly greater than those during 45Á LCM and running. This could be because athletes need 

to make a more substantial change in direction during the 90Á LCM, requiring the knee joint to 

undergo a larger range of flexion and rotation. Such movements likely place higher demands on 

knee joint stability and motor control, potentially increasing the risk of knee injuries. By positioning 

the knee closer to the resultant ground reaction force vector, frontal plane knee motion directly 

affects multiplanar knee loads. Previous studies have introduced the concept of the "dynamic valgus" 

position, where valgus knees, adducted and internally rotated hips, and valgus ankles with internal 

rotation are identified as established risk factors for non-contact ACL injuries. Consequently, 

researchers recommend that athletes align the sagittal plane of the knee joint during LCMs. Our 

results showed an initial varus moment at the knee, which could significantly impact ACL loading. 

Previous studies have identified externally applied knee flexion moments and varus moments 

as major contributors to ACL stress. As the knee approaches full extension at heel strike, the ground 
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reaction force arm increases perpendicular to the knee, thereby amplifying the anterior shear force 

and potentially increasing ACL loads. In other words, greater flexion moments lead to higher tibial 

angular acceleration, which may induce larger ACL strains. A similar theoretical framework was 

presented by Jones P.A. et al., who confirmed a significant negative correlation between side trunk 

inclination and flexion moments. However, the methodological quality of that study was low (33% 

of the expected standard), and the correlation between trunk muscle activation and knee abduction 

moments, as mentioned above, prevents it from being the sole basis for conclusions. 

IMUs bridge the gap between laboratory and clinical biomechanical assessments, enabling the 

acquisition of objective human motion data in unconstrained environments at a low cost. This 

capability has led to further research and discussions. Combining machine learning and IMUs for 

classifying or predicting known datasets is currently a cost-effective and applicable method. Studies 

have demonstrated that IMU systems can monitor sports biomechanics with moderate to excellent 

accuracy. Therefore, this study also relies on the validation and repeated application of methods 

previously explored. Previous research primarily focused on the impact of individual gait variables 

when analyzing gait patterns. This study collected actual LCM data from subjects in both laboratory 

and outdoor settings, screened high-stress and low-stress feature data using multiple correlation 

coefficient methods, and demonstrated the potential to gather extensive clinical biomechanical data 

using portable wireless devices. 

5. Conclusion 

IMUs bridge the gap between laboratory and clinical biomechanical assessments, enabling the 

acquisition of objective human motion data in unconstrained environments at a low cost. This 

capability has led to further research and discussions. Combining machine learning and IMUs for 

classifying or predicting known datasets is currently a cost-effective and applicable method. Studies 

have demonstrated that IMU systems can monitor sports biomechanics with moderate to excellent 

accuracy. Therefore, this study also relies on the validation and repeated application of methods 

previously explored. Previous research primarily focused on the impact of individual gait variables 

when analyzing gait patterns. This study collected actual LCM data from subjects in both laboratory 

and outdoor settings, screened high-stress and low-stress feature data using multiple correlation 

coefficient methods, and demonstrated the potential to gather extensive clinical biomechanical data 

using portable wireless devices. 

This study found that, compared to other LCM directions and running, the knee joint exhibited 

higher flexion angles, abduction moments, and increased knee contact forces in the frontal plane 

during 90Á LCM. Calculations using OpenSim tools revealed that ACL strain values during 90Á 

LCM were significantly higher than those during other movement states, particularly during the 

initial landing and push-off phases. By utilizing the random forest classification model, inertial 

sensor feature data were separately trained and validated. The results demonstrated that the model 

exhibited high sensitivity and accuracy (both exceeding 95%) for time-domain and frequency-

domain features such as "kurtosis," "skewness," "variance," "energy," and the "25th percentile," 

offering valuable insight into the selection of input features for similar classification model training. 
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Abstract 

Structural abnormalities in the foot arch, such as flatfoot, can cause issues like plantar fasciitis 

and hallux valgus. Orthotic insoles effectively alleviate discomfort by enhancing plantar 

proprioception, optimizing pressure distribution, and improving ankle stability. Custom insoles, 

particularly for children, restore the arch and compensate for its function, showing significant 

benefits for patients with severe symptoms or multiple joint disorders. However, challenges 

include unclear biomechanical mechanisms, limited long-term follow-up data, and insufficient 

studies under weight-bearing conditions. Future research should involve rigorously designed, 

large-scale clinical trials to explore the long-term efficacy of custom insoles and their 

biomechanical effects in diverse flatfoot populations. 

Keywords: flatfoot, orthotic insoles, biomechanics, healthcare 

 

1. Introduction  

Flatfoot is a common foot abnormality characterized by arch collapse, forefoot abduction, and 

hindfoot eversion. In diagnosis, weight-bearing X-ray imaging is considered a precise method. A 

Meary's angle greater than 4Á on a lateral radiograph is indicative of flatfoot; 15Á< Meary's Ò 

30Áindicates moderate flatfoot, and >30Á indicates severe flatfoot [1]. Footprint analysis and 

morphological measurements are often used for large-scale epidemiological studies and initial clinical 

screening due to their simplicity, low cost, and non-invasiveness, but they involve a certain degree of 

subjectivity. Studies have shown that the prevalence of flatfoot in preschool children can reach up to 

45%, while in adults, the prevalence is about 5%-15% [2]. Flatfoot can lead to fatigue and pain in the 

feet after prolonged standing or walking and may cause discomfort in other areas through kinetic 

chain reactions and compensatory mechanisms, such as medial tibial stress syndrome, knee pain, 

pelvic tilt, lumbar lordosis, and back pain [3]. This can reduce the quality of life for the patient, 

physical activity, and even their social participation. 

Orthotic insoles are a common treatment for flatfoot, providing arch support and redistributing 

plantar pressure to restore normal biomechanical structure, thereby alleviating symptoms and 

preventing disease progression [4]. Clinically, orthotic insoles are mainly categorized into three types: 

prefabricated, semi-custom, and custom-made. Their use can help some patients avoid surgical 

treatment and significantly improve their quality of life. This article will summarize recent research, 

focusing on the design of orthotic insoles and their impact on the biomechanics of the lower limbs in 

flatfoot patients, aiming to provide a reference for future research and technological development. 
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2. Materials and methods 

2.1 Sources of information 

This study collected relevant literature published from September 2014 to September 2024 by 

searching the full-text databases of PubMed, Web of Science, and Embase. The English keywords 

used for the search included "flatfeet," "orthopedic insoles," "foot orthoses," "effect," 

"biomechanics," and "mechanism." The types of literature included were research articles, reviews, 

case reports, meta-analyses, and guidelines. 

2.2 Inclusion and exclusion criteria 

The inclusion criteria for this study involved an initial screening based on the article title and 

abstract, followed by a thorough reading to identify research articles, reviews, case reports, meta-

analyses, and guidelines closely related to the design and application of orthotic insoles in the 

treatment of flatfoot. Additionally, important references from high-quality literature were included. 

The exclusion criteria were: excluding literature that had a weak correlation with the research 

objective or target population, as well as studies with a high degree of redundancy. 

3. Results 

3.1 Flatfoot 

The foot arch is formed by the tarsal bones, metatarsal bones, and foot joints, ligaments, and 

tendons, creating an upward convex arch structure that can be divided into the longitudinal and 

transverse arches. The medial longitudinal arch, known as the elastic arch, is responsible for the 

elastic function of the foot arch, while the lateral longitudinal arch, called the supporting arch, mainly 

maintains the upright posture of the body. According to the distribution of plantar pressure, the front 

ends of the two longitudinal arches bear about 40% of the plantar pressure, and the rear ends bear 

about 30%; the lateral transverse arch accounts for 15%, the big toe accounts for 15%, and the 

remaining four toes account for 7%. The total pressure on the forefoot and toes accounts for 52%. 

The foot arch functions like an arch bridge, capable of bearing weight and reducing compression on 

the nerves and blood vessels of the foot.  

Flatfoot is typically defined as a lowering or disappearance of the medial arch, accompanied by 

hindfoot valgus and talar descent (Figure. 1). The causes of flatfoot can be congenital or acquired. 

Congenital factors include genetics and foot deformities, manifesting as congenital arch collapse, 

ankle joint instability, and abnormal gait. Acquired flatfoot is related to factors such as obesity, injury, 

foot soft tissue underdevelopment, prolonged standing, and excessive foot load, which can lead to 

fatigue of the structures that maintain the arch or foot fractures. Studies have shown that flatfoot 

patients experience increased peak plantar pressure, leading to foot injury [5]. Additionally, flatfoot 

patients have a higher arch index and ankle inversion index compared to those with normal feet. 

Research analyzing the muscle groups around the ankle joint during exercise in flatfoot patients found 

that due to weaker ankle dorsiflexor strength, patients compensate by increasing the flexion angles of 

the hip and knee joints [6]. Furthermore, a low arch causes a higher recruitment of deep muscles in 

the posterior lower leg during the support phase. This suggests that flatfoot patients have an uneven 

distribution of plantar pressure, which can compress the blood vessels and nerves in the foot and lead 

to compensatory abnormalities in the lower limb muscles, affecting foot stability. 

Flatfoot patients often experience plantar pain, foot deformities, knee pain, and abnormal gait 

due to abnormal arch structure and biomechanical dysfunction, potentially leading to secondary 

conditions such as plantar fasciitis and scoliosis. Research has found that flatfoot patients have a 
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longer proportion of time in the heel-strike phase and a shorter duration in the heel-off phase during 

the gait cycle, indicating poor cushioning and push-off capabilities during walking [7]. The imbalance 

in plantar pressure significantly increases the load on the metatarsals, accelerating the process of arch 

damage. In terms of lower limb muscle activity [8], studies have found that flatfoot patients show 

significantly increased activity in the tibialis anterior and rectus femoris muscles when climbing 

stairs, along with increased electromyographic activity in the tibialis anterior, gastrocnemius (both 

medial and lateral heads), and rectus femoris muscles [9]. These changes reflect compensatory 

responses in the feet of flatfoot patients during stair climbing to prevent excessive external rotation. 

Therefore, the abnormal distribution of plantar pressure in flatfoot patients often leads to muscle tissue 

damage and is accompanied by compensatory foot movement abnormalities. 

 

Figure 1. Differences between flatfoot and normal foot 

3.2 Design principles of orthotic insoles for flatfoot treatment 

In a normal gait cycle, during the early support phase (from heel strike to loading response), 

muscles such as the tibialis posterior and gastrocnemius contract, allowing the subtalar joint to 

pronate and the intertarsal joints to relax, helping the foot adapt to different terrains. When the heel 

leaves the ground, the subtalar joint supinates, locking the intertarsal joints. The plantar fascia then 

tightens the alignment of the foot bones, transforming into a rigid lever to propel the body forward. 

However, due to abnormal arch morphology in flatfoot patients, the segmented multi-joint 

movements of the foot are disturbed, and local stress increases, leading to forefoot pronation and 

abduction, and hindfoot valgus. Studies using in vivo experiments to simulate foot and ankle 

movements during walking have confirmed that flatfoot patients exhibit more pronounced eversion 

and external rotation of the calcaneus compared to those with normal feet [10]. This phenomenon 

increases ankle instability and affects the biomechanical axis of the lower limbs and trunk through 

the kinetic chain. Abnormal joint movements can also cause local tissue edema, inflammation, and 

pain, eventually leading to postural abnormalities. Prolonged irregular force patterns may cause 

cartilage damage and even irreversible consequences. 

Orthotic insoles correct abnormal gait by adjusting plantar pressure distribution based on 

biomechanical analysis (Figure 2). The foot, as a support point for the body, bears weight and 

participates in activities such as walking and running. However, due to differences in gender, 
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lifestyle habits, and exercise methods, the mechanical distribution of the foot can be affected. 

Prolonged uneven pressure may lead to abnormalities in lower limb force lines, causing various 

diseases. In daily life, various pathological factors can disrupt the normal state of lower limb force 

lines. Orthotic insoles can readjust plantar pressure and restore normal lower limb force lines, 

thereby improving the biomechanical state of the lower limb joints [11]. Due to individual 

differences in walking habits, foot morphology, and pathology, there are individual variations in 

plantar pressure distribution. Orthotic insole correction can help distribute plantar pressure more 

evenly, enhance foot dynamics, and subsequently restore normal lower limb force lines. 

 

Figure 2. Common designs of orthotic insoles 

Material Selection: Common materials for making orthotic insoles include thermoplastic 

polyurethane, ethylene-vinyl acetate, and polyethylene. While some studies suggest that harder 

insole materials can increase plantar sensory input, thus enhancing postural stability, the hardness 

of custom orthotic insoles mainly affects their shock absorption, arch support, and comfort [12]. 

Materials of different hardness can impact the cushioning effect of plantar pressure during standing 

and walking. Some researchers have found that patients with higher body mass index require harder 

materials to achieve optimal cushioning [13]. Moreover, research indicates that harder materials 

have a more significant effect on arch support, but increased hardness may decrease patient comfort 

[14]. Therefore, it is necessary to select appropriate materials based on the patient's specific 

condition to achieve a balance between support strength, shock absorption, and comfort. 

Shape Design: Compared to material selection, the geometric shape design of orthotic insoles 

has a greater impact on their function. For flatfoot structural abnormalities, the insole design mainly 

includes the following two aspects: 

Medial Arch Support Design: By adding an arch pad with an arched structure, the insole can 

support the arch upward, increasing the contact area between the medial arch and the insole, reducing 

the peak pressure on the forefoot and heel, and thereby dispersing local stress. Additionally, the arch 

pad can elevate the navicular, medial cuneiform, and calcaneus, helping to maintain the normal arch 

shape and improve the mobility of the foot and ankle joints. Studies have shown that the higher the 

arch pad, the more pronounced the elevation of the navicular, with a more significant effect on 

improving plantar pressure distribution and higher comfort [15]. 

Deep Heel Cup Design: A downward concave deep heel cup can restrict excessive pronation of 
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the subtalar joint, reduce displacement of the hindfoot soft tissue, and provide good cushioning and 

shock absorption by increasing the thickness of the heel fat pad, effectively reducing heel peak 

pressure. A study designed nylon heel cup insoles with a thickness of 5 mm for 16 patients, and after 

four weeks of use, the patients experienced significant relief from heel pain [16]. Custom orthotic 

insoles often combine arch support and heel cup design. Research indicates that elderly subjects who 

consistently wear such insoles for more than four hours daily for eight weeks show significant 

improvement in standing balance, while decreased postural stability is also a common problem in 

some flatfoot patients [17]. 

3.3 Orthotic  insoles for patients of different ages 

In recent years, the incidence of flatfoot in children and adolescents has gained widespread 

attention. A study of 2 071 children aged 3-5 found a flatfoot incidence rate of 59.98%, with a higher 

occurrence of bilateral flatfoot than unilateral flatfoot [18]. Another study assessing 444 children 

aged 7-13 found a prevalence of 29.10%, indicating that the occurrence of flatfoot is closely related 

to factors such as age, gender, and BMI [19]. Early intervention and treatment are particularly 

important for school-age children. A three-year follow-up study of 147 children aged 7-8 found that 

the arch index of flatfoot children showed an increasing trend over time, with plantar pressure 

increasing in the first and second years, peaking before declining [20]. This indicates that arch 

abnormalities can lead to uneven distribution of plantar pressure. Another study found that in 

children with flatfoot, the contact area of the fourth metatarsal is smaller during standing, while the 

contact area of the first metatarsal is smaller during movement, further demonstrating the importance 

of orthotic insoles in flatfoot intervention [21]. 

Research shows that orthotic insoles have a significant corrective effect on flexible flatfoot [22]. 

One study pointed out that early childhood flexible flatfoot is a normal physiological state, but if it 

is not corrected with development, it may develop into pathological flatfoot [23]. Therefore, early 

intervention is crucial. Another study found that when the arch support height reached 4/5 of the 

normal arch height, orthotic insoles had the best intervention effect on pediatric flexible flatfoot, 

while increasing ankle inversion angle and reducing internal rotation torque [24]. 

However, research on orthotic insoles for children and adolescents still has some shortcomings 

[25]. There is a lack of unified evaluation standards and long-term follow-up data, and little attention 

is paid to the long-term wearing experience and the damage to orthotic insoles. Additionally, there 

is a scarcity of studies on the biomechanical feedback of the plantar during movement in patients. 

Therefore, future research should develop appropriate evaluation scales for children, increase long-

term follow-up, and further explore plantar biomechanical data during movement. 

For adult flatfoot, orthotic insoles cannot completely correct the arch but can improve plantar 

pressure distribution, correct abnormal biomechanics, and alleviate symptoms to some extent. 

Research indicates that adult flatfoot patients exhibit abnormal gait, with a shortened single-leg 

support phase and an extended double-leg support phase, suggesting that patients increase lateral 

support to maintain gait stability. These findings provide theoretical support for the customization 

of orthotic insoles [26]. 

Through orthotic insole intervention, patients' plantar pressure is significantly improved. One 

study found that orthotic insoles can reduce the peak ground reaction force during the gait support 

phase and change the recruitment pattern of lower limb muscles [27]. Another study examined the 

impact of orthotic insoles on the lower limb electromyographic activity in female flatfoot patients 

and found that the peroneus longus and medial and lateral heads of the gastrocnemius muscles 

showed higher electromyographic levels, leading to easier fatigue [28]. After orthotic insole 

intervention, the electromyographic activity of these muscles was significantly reduced, thereby 

alleviating the fatigue caused by compensation. 
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However, there are also some issues with the use of orthotic insoles. One study showed that 

although orthotic insoles can enhance hindfoot support stability, they may also lead to compensatory 

activity in the hip and knee joints, thereby limiting foot push-off ability and affecting lower limb 

flexibility [29]. Therefore, how to reasonably use orthotic insoles to improve flatfoot symptoms 

while avoiding compensatory issues becomes a key challenge in the treatment of adult flatfoot 

patients. 

4. Summary and prospects 

The foot is a highly plastic structure, and orthotic insoles can effectively correct flatfoot by 

adjusting plantar pressure distribution and restoring lower limb alignment. In clinical studies, early 

detection and intervention for flatfoot in children and adolescents are emphasized to prevent 

worsening of the condition. For adult flatfoot patients, while orthotic insoles have some corrective 

effects, they cannot fully restore arch function. Orthotic insoles not only enhance patients' plantar 

proprioception and improve their subjective feedback to pressure changes but also effectively 

redistribute plantar pressure, alleviate abnormal gait, and increase ankle joint stability. In addition, 

orthotic insoles can provide relief from abnormalities or pain in the lower back, knees, and ankles 

caused by flatfoot. With long-term use of orthotic insoles, patients experience enhanced plantar 

flexion strength in the ankle, improved overall lower limb muscle strength, recovery of 

compensatory muscles, better support of the lateral arch, and effective correction of ankle eversion. 

Current research has certain limitations: the mechanism behind orthotic insoles in treating 

flatfoot involves selecting appropriate materials and shapes to restore arch morphology and 

compensate for arch function, but the specific biomechanical mechanisms remain to be explored. 

There is a lack of long-term follow-up data from patients, resulting in insufficient feedback. 

Additionally, biomechanical analysis studies on patients wearing orthotic insoles during physical 

activity or under load-bearing conditions are relatively scarce. Children with flatfoot benefit more 

from custom orthotic insoles than adults, and patients with significant clinical symptoms or multiple 

foot, ankle, or knee disorders should prioritize the use of orthotic insoles. Future studies should focus 

on rigorous designs and large sample sizes to evaluate the efficacy of custom orthotic insoles in 

different flatfoot populations. 
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Abstract 

After the introduction of eight-bit processors in the late seventies, microprocessor-based 

industrial process control using home-grown hardware and software gained tremendous 

momentum despite restrictions imposed by Soviet-influenced countries. Control solutions have 

been developed for various areas, including comprehensive control of railway interlock systems. 

I will show the differences in case studies, how PLC systems perform similar tasks these days, 

and point out the more interesting similarities that exist. The main objective is to use these results 

for PLC training of mechatronics students at the Faculty of Mechanical and Safety Engineering, 

University of Obuda. These can greatly help students understand how a PLC can be used and 

learn how to program it. 

Keywords: PLC process control, PLC programming, Centralized railway traffic management 

 

1. Tasks of remote-monitoring / remote-control systems in general 

A remote-control/remote-monitoring industrial process control system always includes one or 

more remotely controlled/monitored local devices, which are operated in parallel to collect local 

process information. The local equipment may also have certain automatic functions. 

A remote-control/remote-monitoring system always includes a database-like information 

aggregation and storage area containing the operational and status information collected about the 

system. This can be implemented in the cloud or in the memory of a specific, fixed computing unit. 

The system may also include one or more remote computer operator workstations from which 

all local equipment of the entire system can be monitored/controlled. An operator workstation may 

be established close to the local equipment if required, but this will normally only allow remote 

control of the local equipment. These operator workstations may be implemented on dedicated 

hardware, depending on the design, or on any client PC with appropriate privileges. 

The remote-control system greatly facilitates and assists the work of the operator workstation 

staff by providing various automatic or intuitive prompts and syntactic control of the technology. 

Other important functions include monitoring operational events, alerting operators when necessary, 

and recording and printing several different operating logs.  

Another important part of the system is the data communication path, which allows bidirectional 

data transmission between the local equipment and the operator/control centers. 

  



Ćkos S§ndor J§nyoki, Ćkos Mester ï (ESB 2024) 

 

51 

 

1.1 System GVM-85 

Based on the I8085A microprocessor, GVM-85 was a modular microcomputer designed for 

process control purposes. Within this field, it was universal, just like today's PLCs. 

As a result of its lower level of integration, it was made up of many more modules than today's 

PLCs. It also performed tasks that would be impossible to perform with PLCs today. 

 

 

 

 

 

 

 

Figure 1. The CPU module of GVM-85 [1] 

The hardware was based on the latest 8-bit chipset available from Intel at the time. The CPU 

module also contained the I8253 timer and the I8259 interrupt control circuitry.  

The MEM 24K memory module contained 8 2 KB RAM or EPROM modules, depending on 

the configuration. The EPROMs had to have the machine code of the control program burned into 

them before the connection. The bus system ("motherboard") was connected to its own peripheral 

interface modules, such as the display controller and keyboard port module, matrix printer interface 

unit, etc. 

A maximum of four microprocessors could be interconnected to form a multiprocessor system, 

using I8255 programmable peripheral circuits (IPC) to allow simultaneous data exchange between 

processors. 

 

 

 

 

 

 

 

 

 

Figure 2. A memory and a display/keyboard/printer module. A cabinet with standardized racks [1] 

The digital inputs and outputs were used to scan the digital sensors of the controlled process and 

to control the actuators (relays, lamps, digitally controlled writing devices). The theoretical 

maximum configuration was 6570 digital inputs and 2520 digital outputs.  

A serial data transmission control unit based on the 8251A USART circuit enabled serial full-

duplex MODBUS-type data communication between two or more remote microcomputers. The 

system also included analogue input and output cards in several versions. [1] 
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1.1.1 Program development, testing 

The program development and structure were done on an engineering workstation composed of 

system components, using assembly-level language, and system status bits/words (wtd). Source 

code has been provided by a custom compiler and linker, and it was loaded into EPROMs (See MEM 

24 modules). 

The program could have been tested using only the "bit-hunting" method. 

1.1.2 Applications, projects implemented 

Some implemented projects using this system 

Industrial process control: automated control of glassworks, waterworks, wastewater treatment 

plants, wastewater elevation spots  

Railway applications: South-Balaton railway line Szabadbatty§n ï Nagykanizsa section 

centralized traffic control, Ferencv§ros station rolling stock automation, Sopron-Ebenfurt railway 

line electric traction substations, overhead supply switchyard remote control, several other energy 

remote control systems, Hatvan railway station code control system, Budapest, Batthy§ny t®r - 

B®k§smegyer urban railway line section, centralized traffic control (K¥FI).  

The latter will be one of the systems of our case studies. 

1.2 Siemens S7-1200 programmable logic controller (PLC) 

Today, there is a huge range of process control PLCs available to engineers. In this paper, we 

will look at the compact design PLCs of the S7 series from Siemens, which were released in 2010. 

Their application is greatly facilitated by the available TIA Portal engineering development tool. 

1.2.1 S7-1200 system components, hardware architecture, configuration options 

The CPU unit is a 32-bit microprocessor with digital and analogue inputs and outputs of varying 

quantity and design. The user program may include logic instructions, mathematical operations, 

counting and timing tasks, and data link management. Safety and protection functions are also 

available during PLC configuration to meet today's requirements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Different S7-1200 type PLC versions and some of I/O extension modules [7] 
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Figure 4. An S7 1200 PLC configuration: power supply, CPU 1214C DC/DC/DC, digital input 

and output extension modules  

1.2.2 Data transmission, communication 

All CPU units of the S7-1200 PLC family include a PROFINET connection for network 

communication (Ethernet, programmable IP address) and can be easily extended by up to 3 x 3. RS 

485 or RS 232 communication units. 

1.2.3 State visualization options 

The HMI is the tool for process state indication in the PLC environment. Its configuration and 

programming are greatly supported by the TIA Portal development system. 

The web server service of the PLC is a practical feature of the S7-1200 family that can be 

configured by the user for on-site testing or for remote monitoring/remote control. 

 

 

 

 

 

 

 

 

Figure 5. Status visualization by an HMI unit or by using web server feature [6] 

Of course, there is also a wide range of licensed SCADA (Supervisory Control and Data 

Acquisition) programs specifically designed for remote control and monitoring. Based on a system 

database, these allow the use of different kinds of easy-to-configure visualization and system 

management. 

1.2.4 The TIA Portal engineering tool for program development 

Developers can use TIA Portal to perform the complete system design of a project, from the 

definition of the hardware and network configuration and HMI interfaces, through the writing, 

testing, and operational simulation of the user software and HMI display, to the online diagnostics 

check after download. 
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Figure 6. Some of the functions of TIA Portal engineering tool 

When programming, standard program languages can be used according to IEC 61131-3. By 

writing organizer blocks (OB), function blocks (FB) and functions (FC), or by using standard FBs 

and FCs, and by defining the necessary data blocks (DB), user programs can be written in a very 

well-structured way, using status words along the system steps for cyclic or single sequence controls. 

[8] 

The PLC web server service, configurable through the TIA Portal, helps to monitor real 

operation on the fly. 

2. Case study: urban railway line, centralized traffic supervision and 

control  

The system controls the section from station Batthy§ny t®r to station B®k§smegyer of a busy 

urban railway line, with trains running every five minutes at peak times.  

On the double-track railway line, three directly interconnected railway interlock systems have 

been built (belonging to stations Batthy§ny t®r, Aquincum, and B®k§smegyer). In order to simplify 

and automate the handling operations, trains are generally operated by means of automatic signaling. 

Parts of the centralized control system are the Interlock Controller Equipment (ICE) of each 

station interlock system, the data transmission line, and the Central Control Room (CCR). (see 

Figure 7.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The structure of the centralized control system [3] 
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2.1 The ICE of the railway section interlocks 

Each ICE is of a dual-processor "GVM-85". These communicate with the central equipment by 

means of a serial MODBUS kind four wire voice-frequency connection. They do data acquisition, 

collecting input status information from the station interlock system (623/984/820 digital inputs of 

interlocks, respectively) and transmit these states to the control center. In remote control mode, they 

interpret the commands sent by the control center and execute them on their connected interlock 

system using 134/266/159 relay outputs, respectively, in a controlled manner.  

The data is exchanged via a parallel communication channel (IPC) between the two processors 

of the ICE. 

2.2 Central control 

The CCR equipment is a configuration of a three-processor GVM-85. Tasks of its units are to 

manage the communication with the ICEs, to serve as a databank, and to visualize the interlocks 

states for the operators and receive their commands on the workstations. The units, each with a 

processor in charge, communicate with each other in parallel, as each of them is directly connected 

to the others. 

The communication unit is responsible for organizing the data transmission and the physical 

management of the two MODEMs connected to the serial voice frequency lines. The MODBUS-

like communication is achieved by asynchronous, phase-modulated MODEMs via full duplex data 

transmission. The communication unit collects the data from the ICEs and transmits the operator 

commands to them. 

The databank of the CCR equipment contains direct physical information, but various logically 

calculated or generated information as well, such as the communication and hardware status of each 

station, or train numbers from the visualization unit. It controls the lamp lights of the huge overview 

wall as well. The diagnostic module is also part of this unit. This allows to monitor the operation of 

the system, to isolate a possible fault.  

The visualization unit of the CCR duties includes serving traffic control workstations and 

generating the printed operation log. The traffic control workstations are uniform in design. Each 

workstation is equipped with a color, semi-graphic monitor and a keyboard. The entire line can be 

controlled from any of the traffic control workstations. [3] 

 

 

 

 

 

 

Figure 8. Status visualization examples at the CCR [2] 

3. Case study: LINE SECTION Zalacs®b-Salomv§r - ŕriszentp®ter 

REMOTE CONTROL OF Railway switch HEATING CIRCUITS  

The Hungarian Railways Co. (MĆV Zrt.) recently replaced the gas-powered switch heating 

system at the Zalacs®b-Salomv§r, ZalalºvŖ, and ŕriszentp®ter stations with an up-to-date electric 

heating system, which prevents the formation of snow and ice coatings near the moving parts of the 

switches, which would hinder safe operation. 
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3.1 Local switching area control units (ACUs)  

At railway stations along the line, local railway switch areas (RSA) were created depending on 

the spatial location and the power supply possibilities. Each RSA is equipped with a local area 

control unit (ACU) driven by a PLC for data collection and intervention. 

The ACU is installed in a conveniently located modular outdoor cabinet, which is easy to 

configure and contains all the power switching, protection, and disconnection components for 

heating of the zone's railway switches as well as the necessary interface for the temperature control 

devices. 

The ACU is the basic unit of the system, which can operate independently and does not require 

any intervention in automatic mode. Based on the temperature of a heated and a cold rail and 

information from intelligent meteorological sensors (air temperature, precipitation, etc.), it switches 

the circuits of the associated heating filament according to a programmed algorithm. It also 

continuously checks the status of other operating controls and monitoring elements, switches, 

sensors, and meters. The PLC of the ACU also includes appropriate graded procedures based on a 

data communication link with adjacent ACUs for the case of meteorological sensor failure. 

 

 

 

 

 

 

 

Figure 9. SCADA visualization and the cabinet of an ACU [4] 

The electrical power supply of the RSAs heating is provided from the traction 25 kV, 50 Hz 

network, from 25/0.230 kV transformers. The power for ACUs is supplied via 230V/24V through 

its uninterruptible power supply (UPS) unit. For the heating of the RSAs at ZalalºvŖ railway station, 

there are two ACUs, at Zalacs®b-Salomv§r, one, and at ŕriszentp®ter, three of them are in charge. 

3.2 On-site commissioning options using PLC web server, monitoring, and control  

The PLC web server function is a very useful feature for testing the operation of ACUs. This 

allows with the appropriate privileges via the Internet access to the PLC web server. This has been 

pre-customized and downloaded to the PLC by the TIA Portal engineering tool.  

 

 

 

 

 

 

 

 

Figure 10. Status display through the web server 
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3.3 Remote monitoring and management with SCADA 

Remote system monitoring and remote control of ZalalºvŖ and the two adjacent stations happen 

to be settled in ZalalºvŖ station and in the so-called FET center of the MĆV Directorate in 

Szombathely. For this purpose, a client computer runs a SCADA system, which is used for remote 

monitoring and remote control of the switch heating systems of the stations of the line section. 

 

 

 

 

 

 

 

 

Figure 11. SCADA overview and railway switch heat visualization on the remote monitoring / 

remote control workstation [5] 

3.3.1 Railway switch heating view 

The SCADA program allows viewing all the input information of the system, displaying the 

status of any of its elements, and switching on and off the heating of any railway switch of the ACUs 

in this view. It provides a number of services based on the "operating log" continuously recorded in 

the dedicated storage of the system.  

3.3.2 Consumption measurement, diagrams, log windows 

The energy distribution part of the railway switch heating system is equipped with a separate 

digital meter. The measured data can be read by PLCs and displayed on the control interface for 

each ACU. 

The diagram windows show the diagrams of analogue signals and meter values like the phase 

currents, phase voltages, temperatures (air, heated rail, cold rail) associated with each zone. By 

analyzing them, operations engineers can obtain information on how the external factors affect the 

operation over time.  

Logs can be classified in a lot of different ways, but they have a uniform display layout. Some 

functions apply to all logs, but there are also log-specific operations. All signals and operational 

intervention events are included in the logbook if they are defined in such a way that their occurrence 

or change has logging consequences. 

 

 

 

 

 

 

 

Figure 12. Further SCADA services [5] 
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3.4 Data transmission 

The system's ACUs and the ZalalºvŖ traffic office management device are connected to the 

remote monitoring and control system via an optical Ethernet network. The data transmission 

between the particular ACUs and the headquarters in Szombathely is carried out via the Intranet 

network of MĆV, their addressing complies with the rules for the VLAN network of the heated 

switches. 

This structure allows remote management and control of the system elements from anywhere 

and at any time, but itôs subject to the appropriate authorizations and the limitations built into the 

technology, of course. 

4. Conclusion 

Table 1 shows a comparison of the system components of the above example systems. It is 

obvious that the developments and changes in the technological background over the last four 

decades have greatly facilitated the work of system design engineers and have greatly increased the 

level of service of the process control systems that can be created.  

A more detailed examination of the above example systems also shows that the conceptual 

design of the two main pillars of these remote-control systems, which are distant in time but typical 

in their time, is very similar: 

¶ Today's process control systems are built from virtually identical functional system 

components as their roughly 40-year-old predecessors. The way the controlled system 

and the process control are connected is identical (galvanically isolated DIO, AIO)  

¶ The organization of the system control programs in today's typical process control 

systems is carried out in the same way along the different states of the system, using 

status bits/words, as it was at the dawn of computer process control. 

To sum up, despite the accelerated technical-technological development, the theoretical 

considerations of the solutions applied to process control systems have proven to be timeless in the 

long run, providing a stable and well-tested basis for the education of engineering students who will 

be working on industrial processes. 
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System component Siemens S7-1200 PLC GVM-85 

Architecture of the remote 

control system 

Communication controller, 

database, operator 

workstation(s) 

Field/station units, (data 

collection, intervention, 

communication) 

Data transmission path 

Communication controller, 

database, operator 

workstation(s) 

Field/station units, (data 

collection, intervention, 

communication) 

Data transmission path 

System and hardware 

configuration design 

Fast, easy to learn Thorough system knowledge 

required 

Program management State-driven State-driven 

System development tool TIA-Portal Standardized 

programming languages 

None. Assembly level 

programming, slow and 

cumbersome 

Commissioning, testing entire toolbox of TIA_Portal , 

simulation 

Device-dependent, slow, 

difficulty in making program 

changes 

Safety Hardware design TIA_Portal 

supported authorization 

system 

No real protection, just the 

special architecture, it's all up 

to the programmer 

Extensibility Flexible, easy to extend Bound but modular 

architecture, can be extended 

by programming 

Data collection and 

intervention units 

Galvanically isolated DI/O, 

AI/O 

Galvanically isolated DI/O, 

AI/O 

Operator workstation, 

visualization 

Graphical, high-resolution, 

modern, object-oriented 

architecture 

Pixel-level, character 

graphical, hand held 

programming 

Databank Dedicated computer, possibly 

cloud 

Dedicated computer 

Logging, archiving SCADA Printed, implemented by 

programming 

Data transmission Optical network, TCP/IP Wired, MODBUS-like 

 

https://www.manualslib.com/download/1614359/Siemens-S7-1200.html
https://plcopen.org/downloads


 

60 

 

 

Engineering Symposium at B§nki 

(ESB 2024) 

 

 

Seismic analysis of tunnel-form reinforced concrete 

structures subjected to low-intensity earthquake actions 
1Kamaran Mohammed Kareem, 2Bakhtyar Saleh Ahmmad 

1 University of Halabja, Department of Civil Engineering, Halabja, Iraq 

kamaran.kareem@uoh.edu.iq 
2 Obuda University, Doctoral School of Safety and Security Sciences, Budapest, Hungary, 

bakhtyar.ahmman@phd.uni-obuda.hu 

Abstract 

Multi -story reinforced concrete tunnel form buildings are one of the common structural types in 

regions prone to high seismic risk due to the inherent earthquake resistance of the buildings and 

ease of construction. Despite their good performance during earthquakes and the abundance of 

such structures scattered worldwide, current seismic codes and design provisions provide 

insufficient guidelines for their seismic design. As a compensatory measure, a series of modal 

and nonlinear dynamic analyses are conducted by emphasizing the characteristic dynamic 

behavior of tunnel-form buildings under low-intensity seismic actions. This research performs a 

detailed 3-D finite element analysis on a 16-story tunnel-form reinforced concrete structure using 

the advanced FE program ABAQUS CAE. Internal seismic damage in the critical region was 

presented.  

Keywords: Tunnel-form, low intensity seismic, ABAQUS, Non-linear analysis 

 

1. Introduction  

The tunnel-form concrete structural system is an innovative industrial construction method that 

streamlines construction management, reduces project timelines, and minimizes financial risks. 

Unlike conventional frame structures, this system eliminates the need for columns and beams, as the 

wall and slab elements resist both lateral and gravitational loads. By casting walls and slabs 

simultaneously, it overcomes common cold joint issues and ensures a uniform three-dimensional 

performance under seismic loads. As a result, the system is increasingly favored for large-scale 

construction projects, particularly in seismically active regions. Over the past two decades, 

numerous studies have explored various aspects of tunnel-form concrete structures, with findings 

consistently highlighting their high strength and excellent seismic performance. [1-7] 

A review of previous research on tunnel-form concrete structures reveals that the behavior of 

this system under sequential seismic events has not yet been thoroughly explored. Following 

significant earthquakes, multiple aftershocks, which are typically weaker than the main event, often 

occur near the same fault that caused the original earthquake. Observations from recent earthquakes, 

such as the 2010 Chile earthquake, the 2011 Van earthquake in Turkey, and the 2012 Ahar and 2017 

Kermanshah earthquakes in Iran, highlight the importance of considering aftershocks during the 

design process to enhance seismic reliability, particularly in regions with high seismic risk. This 

issue has gained increasing attention in the fields of structural and earthquake engineering, especially 

over the past two decades. [8]. 

mailto:kamaran.kareem@uoh.edu.iq
mailto:Hungary,%20bakhtyar.ahmman@phd.uni-obuda.hu
mailto:Hungary,%20bakhtyar.ahmman@phd.uni-obuda.hu
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Designing high-rise reinforced concrete (RC) buildings presents a significant challenge, 

particularly in ensuring sufficient lateral resistance to seismic forces. The Kurdistan Region is 

frequently affected by seismic activity, with vibrations often felt across vast areas. For example, the 

7.3-magnitude earthquake on November 12, 2017, near Sarpol-e Zahab along the Iran-Iraq border, 

resulted in considerable ground shaking throughout the region. Given this seismic context, 

performing numerical analyses is crucial to accurately assess the behavior of high-rise tunnel-form 

buildings during earthquakes, helping to mitigate potential risks. 

Due to the region's seismic characteristics, high-rise tunnel-form buildings need to be evaluated 

for their response to minor seismic actions, especially considering the influence of aftershocks and 

low-intensity seismic events. The objective of this study is to investigate how these buildings, 

designed for rapid construction and cost-efficiency, perform under low-intensity seismic forces. To 

achieve this, a 16-story tunnel-form building was analyzed using the finite element program Abaqus 

through non-linear dynamic analysis. This method allows for a detailed evaluation of the building's 

response to seismic forces. 

2. Structural model 

In this study, a 16-story reinforced concrete tunnel-form building is modeled using the three-

dimensional finite element software ABAQUS [9] for the analysis. The floor system consists of a 

flat slab with a thickness of 160 mm, while the shear walls are 200 mm thick. The floor height is 3.0 

meters. The building is initially subjected to gravity loads and a uniformly distributed live load of 

500 kg/mĮ. Figure 1 illustrates the geometric properties of the building's plan layout. 

 

Figure 1. Details of the Structural Model 

3. Finite Element and Non-Linear Numerical Analysis for RC Structures  

The ABAQUS program [9] is a powerful, intuitive, finite element program. The program is 

completely modular, allowing the user to acquire and load only the modules that are needed. The 

input data for the program include nodal points, type of element, loading condition, material 

properties, dimensioning of the geometry of the structure, the restraints of nodes, the required type 

of analysis and the termination criteria. 
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In order to obtain an accurate analysis, proper material models were needed. To be able to 

understand the mechanical behavior to final failure, it was important that this non-linear behavior 

could be simulated in the finite element analyses. The nonlinearities of the concrete in compression 

and the steel were accounted for with plasticity models. Three major effects cause the non-linear 

response of reinforced concrete, namely (Crushing of concrete in compression, Cracking of concrete 

in tension, and Yielding of reinforcement). The steel elements were provided with an isotropic multi-

linear elasto-plastic material model.  

In this study, ABAQUS/dynamic implicit was adopted to simulate the process of progressive 

collapse. C3D8R solid elements were used to simulate the concrete components: the beam, column, 

and slab, and the steel reinforcement embedded inside the concrete member using the óembedded 

regionô constraints, and is modeled by truss element T3D2. For the sake of reducing the 

computational time and because, in this study, the overall behaviour of the building is assessed, a 

large mesh size is used. The density, Youngôs modulus, and Poissonôs ratio of the concrete used in 

this finite element modelling were 2400 kg/m3, 32 MPa, and 0.2, respectively, and the 

corresponding properties of steel were 7800 kg/m3, 195 GPa, and 0.3, respectively. The concrete 

damaged plasticity model was adopted for the concrete constitutive model. The Concrete Damage 

Plasticity (CDP) model is based on work proposed by [10, 11]. 

To characterize the constitutive behaviour of concrete, four different laws need to be defined: 

compressive and tensile behaviour of concrete, damage function, yield function, and flow rule. The 

behaviour of concrete in uniaxial compression and tension, considered in the CDP model, is shown 

in Figure 2. In case of compression, a linear-elastic response is considered till the initial yield point, 

„ . Whereas, in tension, a linear stress-strain relationship is considered up to the ultimate stress, 

„ . In the post-peak region (plastic region), the unloading curve shows a degraded stiffness both in 

compression and tension. This degradation is due to the damage to the material. The model 

introduces two damage variables, Ὠ and Ὠ, to define this degradation. The range of these variables 

is 0 to 1, depending on the level of damage. Zero represents ñundamagedò and one represents Γ

fully damagedò. Ὁ is the initial (undamaged) modulus of elasticity of concrete. ‐  and ‐ are 

compressive inelastic and plastic strain, and ‐  and ‐  are tensile cracking and plastic strain, 

respectively. The stress-strain behaviour both in compression and tension is considered as follows 

[9] 

„ ρ Ὠ Ὁ ‐ ‐                                                                      ρ 

„ ρ Ὠ Ὁ ‐ ‐                                                                     ς 

 

                                 (a)                                                                            (b) 

Figure 2. Concrete Damage Plasticity material: uniaxial response in compression (a) and 

tension (b) [Redrawn based on ABAQUS [9]] 

Tensile cracking and compressive crushing are the two failure mechanisms considered in the 
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CDP model. In these mechanisms, the failure surfaces are controlled by the tensile and compressive 

plastic strains (‐  and ‐ ). These strains are automatically calculated in the software from the 

cracking strain and inelastic strain (‐  and ‐ ) following the equations. 

‐ ‐
Ὠ

ρ Ὠ
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                                                               σ 

‐ ‐
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ρ Ὠ
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Two model inputs are needed to define the yield function in the model; the ratio of biaxial to 

uniaxial compressive stress („ „ϳ default value is 1.16) and the ratio of the tensile and 

compressive second invariant (ὑ, default value is 2/3). ὑ controls the shape of failure surface in 

the deviatoric plane A non-associated plastic flow is presumed by CDP model where the Drucker-

Prager hyperbolic function is used as flow potential. The function is as follows 

Ὃ ᶰ„ὸὥὲ‪ ή ὴὸὥὲ‪                                                υ 

Where, ‪ = dilation angle which is measured in the ὴ ή plane at high confining pressure;  ɴ= 

eccentricity. The default value of eccentricity is 0.1. 

The CDP model requires the values of and ὑ to define the yield function as well as ‪ and ɴ  to 

define the flow rule. This model uses the default values of „ „ϳ , ὑ, and ɴ  as 1.16, 2/3, and 0.1, 

respectively. A dilation angle of σπ is considered in this study. A special parameter, the viscosity 

parameter, needs to be defined in the model that controls the convergence of the model. 

Two different parameters, modulus of elasticity (Ὁ) and Poissonôs ratio, are to be input to define 
the elastic property of the material. In this study, 0.2 is chosen as the Poissonôs ratio. The Ὁ was 

calculated by the equation given by ACI 318 as follows  

Ὁ υχπππὪ ὴίὭ                                                             φ 

To define the stress-strain relationship in compression, the model proposed by Popovics [12] 

was used in this study. The relationship is shown in the following equation, 

Ὢ Ὢ
‐

‐

ὲ

ὲ ρ ‐ ‐ϳ
                                                   χ 

Where Ὢ, ‐  are the compressive strength and strain corresponding to the maximum stress, 

respectively. The n is defined by, 

ὲ πȢτϽρπὪὴίὭρȢπ                                                        ψ 

Whereas, the tensile stressïstrain relationship of concrete was in accordance with (Shakib and 

Morshed [13]), can be obtained by the following: 

„ Ὂ
‐

‐

Ȣ

                                                                              ω 

‐
Ὂ

‐
                                                                                     ρπ 

Eigen-frequency analyses were conducted on the 3D FE models in order to obtain a preliminary 

insight into the dynamic behavior of the buildings under study, identifying the main vibration modes, 

the corresponding periods, and the participating mass ratios. 

The seismic response of the building was then investigated through non-linear dynamic 

analysis; the ground motions were applied to the building in the horizontal directions X-axis and Z-

axis. With the aim of simulating the seismic response of the building under low-intensity seismic 

loads, the PGA value was used by scaling the real accelerograms (registered on November 12 during 

the 2017 Sarpol-e Zahab (Mw = 7.3), Iran-Iraq border earthquake) through the software code 
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SeismoMatch [14]. Fig. 3 shows the horizontal component of the accelerogram. The duration of the 

real frequency is equal to 99.44s. In this study, we chose 25 seconds of high intensity because of the 

high computational demand required by the analyses. The PGA of 0.05g was used in the non-linear 

dynamic analyses. The non-linear dynamic analyses with PGA=0.05g aim at simulating the seismic 

response of the building to earthquakes of low intensity magnitudes and provide useful information 

about the seismic response and damage distribution of the building for small PGA values. 

 

Figure 3. Scaled accelerogram (Horizontal component of the Ezgeleh (Sarpol-e Zahab), Iran-

Iraq border earthquake, 12 November 2017) used in the non-linear dynamic analyses 

4. Results and discussions 

The linear perturbation analysis is performed to calculate the natural periods of the building. 

Using the Lanczos algorithm, the first 100 natural modes are calculated. The distribution of the first 

hundred modes in the two orthogonal directions is presented in Fig. 4. Moreover, Fig. 5 shows the 

deformed shapes and the corresponding periods of the main vibration modes with a participating 

mass ratio (PMR) larger than about 5% for the building. 

 

 

Figure 4. Distribution of the first three hundred modes in the horizontal (X and Z) directions 

The first two main modes are Mode 2 (T=0.8 s), involving the whole building with PMR equal 

to 65% in the Z direction, and Mode 3 (T=0.716 s), involving the whole building with PMR equal 

to 68.5% in the X direction. The most relevant modes are Mode 6 (T=0.096 s) with the largest 

PMR (76.4%) in the y direction. The first hundred modes correspond to a total PMR of 94.25% in 

the X direction, 91% in the Y direction, and 83.12% in the Z direction. 
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Mode 2    T = 0.8 s 

PMRx = 0% 

PMRz = 65% 

 

Mode 3    T = 0.716 s 

PMRx = 68.5% 

PMRz = 0% 

 

Mode 5    T = 0.2 s 

PMRx = 16% 

PMRz = 0% 

 

Mode 6    T = 0.186 s 

PMRx = 0% 

PMRz = 18.5% 

 

Mode 28    T = 0.096 s 

PMRx = 0% 

PMRy = 76.4% 

PMRz = 0.0% 

 

Mode 32    T = 0.084 s 

PMRx = 0% 

PMRz = 5.9% 

Figure 5. Deformed shapes and corresponding periods of the main vibration modes with 

indication of the participating mass ratios 
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X- Direction                                                                           Z- Direction 

Figure 6. Time histories of base shear force for the earthquakes 

 

Time histories of base shear force obtained for both X and Z-Directions are given in Fig. 6. 

Von-Mises Stress distribution occurred under the earthquake ground motions in X and Z-Directions 

are shown in Figs. 7 and 8, respectively. 

  

 

               Concrete                                                            Reinforcement 

Figure 7. Von-Mises Stress distribution in the X-Direction 
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                   Concrete                                                       Reinforcement 

Figure 8. Von-Mises Stress distribution in the Z-Direction 

 

Under seismic action in the Z-Direction (stiff side), it can be said that the maximum stress in 

the concrete and steel reinforcement can be found at the base of the building, the 1st floor, and the 

2nd floor levels. The 1st and 2nd floor level reinforcement von-Mises stress distribution and concrete 

tensile damage are illustrated in Fig. 9. Tensile strain is one of the main reasons causing buckling to 

the reinforcing bars in RC columns, especially in this situation, as the concrete failed under tensile 

stress. 

The building under seismic action in the X-Direction (flexible side) has a stress distribution in 

the middle stores. The middle stores reinforcement von-Mises stress distribution and concrete tensile 

damage, illustrated in Fig. 10.  

 

Figure 9. 1st and 2nd floor level (a) Reinforcement Von-Mises Stress distribution in the Z-

Direction (b) Concrete tensile damage in the Z-Direction 
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Figure 10. Middle stores (a) Reinforcement Von-Mises Stress distribution in the X-Direction 

(b) Concrete tensile damage in the X-Direction 

5. Conclusion 

The aim of this study was to investigate the behavior of tunnel-form concrete structures under 

low-intensity seismic loads. To achieve this, a scaled version of the main-shock seismic frequency 

was applied to represent low-intensity seismic conditions. A prototype 16-story tunnel-form 

building was analyzed using non-linear dynamic analysis. The numerical procedure presented in this 

study focuses on identifying the most critical regions along the height of the building. The findings 

demonstrated that conducting structural analysis using advanced finite element modeling and non-

linear dynamic analysis is crucial for understanding the overall structural behavior and pinpointing 

the vulnerable areas of tunnel-form buildings subjected to low-intensity seismic actions. 
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Abstract 

[15] The primary goal of the research is to enhance the protection of combat vehicle crews 

against impacts of certain energy levels by implementing composite armor packages. This 

composite armor consists of a combination of aluminum foam, AR500 steel, and ceramic 

materials, which collectively reduce the energy of shockwaves, the number of shrapnel 

fragments. The development process is carried out in multiple stages, starting from the design of 

innovative protective solutions, through 3D modeling, to conducting simulations using 

simulation software. These simulations play a critical role in the preliminary analysis of the 

behavior of different materials and structural solutions under various attack scenarios. 

[16] Keywords: Composite armor, Crew safety, Simulation, Innovative materials  

1. Introduction  

In this tank development proposal and research, I focus exclusively on the internal protection of 

the vehicle, as I consider this the most critical aspect, and because the development trends of modern 

tanks worldwide point in this direction. The research process involves identifying the areas within 

the fighting compartment of the vehicle type provided for the research that can be effectively 

reinforced with additional armor. This would enhance the tank's resistance against threats that it 

previously could not withstand. The next step is to select suitable materials for the development of 

the armor package and provide a detailed description of these materials. Following this, I will create 

3D models to ensure the design exists at a conceptual level. Then, using appropriate simulation 

software, I will simulate the protection against specific ammunition types upon impact. Finally, I 

will draw the necessary conclusions from all these steps to assess the effectiveness of the proposed 

solutions. 

During the research program, a wide range of measurement tools and IT resources were utilized. 

As a first step, measurements were conducted of the external and internal dimensions of the vehicle 

used as a test bed for the idea at the facilities of HM Currus Zrt. This step determined the direction 

of the development. For the measurements, a digital metal caliper and a laser distance meter were 

used to accurately record the dimensions of the vehicle. To analyze the materials intended for use, a 

YXLON Cheetah EVO CT scanner was employed for non-destructive material testing, and a 

METTLER TOLEDO AB204 precision scale. In the design process, two key software programs 

provided the necessary IT support: Autodesk AutoCAD 2024 and the student-licensed version of 

Ansys 2024R1. Within Ansys, specifically Ansys Workbench, was used with Speos 2024R1 and 

Mechanical 2024R1. AutoCAD was used to create the 3D models. Ansys Workbench allowed me 

to parameterize the Explicit Dynamics simulations. Ansys Mechanical calculated and graphically 

presented the results of the simulations. This combination ensured the precision and feasibility of 

both the design. 
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2. Materials used 

This armor design is a composite one, which consequently means that it is not a homogeneous 

slab of armor added to the existing one, but a multilayered package where each layer has its own 

task. [1] 

Due to the compact design of the interior of the vehicle, the internal armor could have a 

maximum thickness of 30 mm. Since the minimum effective thickness for internal armor layers is 

10 mm, the decision was made to design it with three layers, each 10 mm thick. The layering follows 

the traditional principles of composite armor. The outer layer is of high hardness, capable of 

potentially shattering projectiles upon impact or, at the very least, posing a significant challenge to 

penetration. The second layer is designed to absorb energy effectively, with excellent elastic 

deformation properties and high yield strength. The third and final layer's role is to prevent the inner 

two layers from excessive deformation, primarily providing structural reinforcement. 

For the outer layer, ceramic material was chosen. During research into ceramics suitable for 

armor, one material stood out: boron carbide. This material is excellent for the task as it is the third 

hardest material after boron nitride and diamond, while its relatively low density of 2500 kg/mį 

allows for effective protection at a low weight. Its melting point is extremely high, at 2350 ÁC, and 

its Vickers hardness is 38 GPa. It has a high elastic limit but low ductility. In addition to providing 

protection against kinetic impacts, it can also take on radiation shielding duties due to its neutron 

absorption capabilities. Ceramics function as armor by shattering when struck, creating a shock 

wave that pulverizes the ceramic, increasing its volume. The resulting sharp and hard ceramic 

fragments act as a grinding medium, damaging the projectile as it passes through (this brittle fracture 

is characteristic of ceramics). 

For the middle layer, which serves as the pressure and impact-absorbing layer, an interesting 

material was deemed suitable: aluminum foam. Aluminum foam is produced by injecting neutral 

gas into molten metal as it cools, creating solidified bubbles within the material. The density of 

foamed aluminum is lower than that of solid aluminum, making it an effective choice for this 

application. The dimensions of the test block I measured were 25.6 mm Ĭ 26.5 mm Ĭ 6.8 mm, and 

its mass was 1.9979 g. Based on these measurements, I calculated its density to be 433.09 kg/mį, 

which is 16.04% of the density of solid aluminum (2700 kg/mį). Its compressive strength is higher 

than that of solid aluminum, nearly four times greater. I created a CT scan of the test sample, which, 

thanks to the processing software, resulted in a three-dimensional model. Using this model, it was 

possible to observe the wall thickness of the cells in the sample's cross-section. The typical values 

ranged between 0.5 and 1 mm, although in some places the thickness reached between 3 and 3.5 

mm. Since there is no distinct axis along which the walls are thinner compared to others, it can be 

stated that for a body with equal side lengths, despite the randomness of bubble formation, the 

material's strength does not depend on the direction of the force vector.  

 

Figure 1. The CT scan of the aluminium foam 
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For the layer in direct contact with the crew compartment of the vehicle, a metal was intended 

to be used that is both lightweight and flexible. My first choice was titanium; however, an important 

consideration is that titanium is very expensive to produce, and manufacturing it in 10 mm thick 

sheets over a large area is disproportionately costly compared to the level of protection it provides. 

Therefore, I consider AR500-grade steel plate to be a satisfactory alternative. According to the 

American MIL-A 46177 standard, its Brinell hardness ranges between 477 and 534 HBW10/3000-

W. The carbon content of AR500 steel is between 0.27% and 0.3%, with its main alloying elements 

being manganese, chromium, molybdenum, and nickel, present at 0.95%, 0.75%, 0.65%, and 0.35%, 

respectively.[3] Due to its greater hardness and comparable weight, AR500 is a better choice than 

RHA (rolled homogeneous armor). 

Figure 2. The cross-section of the proposed armor scheme on the existing one 

The design for the installation of the supplemental or shrapnel armor involves utilizing the 

existing threading on the hull and mounting it in 250Ĭ250 mm ôtilesô onto the internal armor [2]. A 

1 mm gap would be left between the tiles to allow the metals within to expand laterally, thereby 

increasing the stress distribution across the plate, which can elastically absorb impacts more 

effectively. Another reason for using small tiles is that replacing the shattered ceramic from a direct 

hit is much easier with this size compared to having to remove the entire turret along with the internal 

equipment. These three-layer tiles would be secured with screws equipped with self-locking 

washers, making them difficult to loosen. 

The weight of the supplemental armor is 149.37 kg per side. This calculation is based on the 

densities of the three materials multiplied by the volumes of their respective layers, resulting in a 

requirement of 6.02 kg of aluminum foam, 35.01 kg of boron carbide, and 108.34 kg of AR500 steel. 

The layered armor for the revolving ammunition storage would also be replaced with this same 

configuration, with a total weight of 215.73 kg. This consists of 8.69 kg of aluminum foam, 50.58 

kg of boron carbide, and 156.46 kg of AR500 steel. The armor would be mounted on the axis of the 

revolving ammunition storage, preserving the trapdoor through which the charge and projectile are 

transferred. 
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3. Simulations 

I tested my armor concept using simulations. In these simulations, I analyzed how the armor 

behaves under the impact of armor-piercing projectiles in its current configuration compared to the 

proposed configuration under identical conditions with the same type of round. The simulations 

were conducted using the Ansys 2024R1 student license. The parameters in the Workbench program 

were set, and the calculations and visualizations were performed in the Mechanical module. The 

simulation environment used was Explicit Dynamics, which is a linear dynamic system. A total of 

five simulations were conducted, during which all deformations, velocity changes, and stress effects 

were calculated and analyzed. Specifically, the total deformation, elastic and plastic deformation, 

and the resulting stress distribution were examined. 

In the first simulation, it was examined how the current 80 mm thick rolled homogeneous steel 

armor behaves when impacted from a distance of 500 meters. The projectile used in this case was 

the 30 mm APDS (Armor Piercing Discarding Sabot) 3UBR8 tungsten carbide round. For the three-

dimensional model of the projectile, only the tungsten carbide core was created, as the ballistic cap 

does not significantly influence the impact dynamics. After running the simulation, the point on the 

armor was identified where the projectile first causes a rupture in material continuity. Additionally, 

the results revealed that this projectile, with its 300 g mass and impact velocity of 1050 m/s, can 

only perforate the armor, achieving partial penetration, which results in a shrapnel effect on the inner 

side of the armor.  

Figure 3. 3UBR8 impact at the moment of armor failure 

In the second simulation, the effect of the 3UBR8 projectile was analyzed with the same 

parameters as in the previous test, but this time including the additional armor layers. These layers 

were applied not only to the side armor but also to the top of the carousel of the automatic loading 

system.  The results showed that the projectile penetrated the existing 80 mm outer plate, but the 

additional internal armor stopped it. While the boron carbide layer was also overcome, the process 

caused most of the projectile to shear off. As a result, the remaining part of the projectile ricocheted 

back in the opposite direction due to the high elasticity of the foamed aluminum and the innermost 

AR500 layer. On the side of the crew compartment, the impact resulted in a significant but non-

critical dent. 

All materials involved exceeded their yield strength, leading to a permanent bulge in the affected 

area. An important result, which was not previously expected, was that the small gap between the 

ammunition rack and the side armor caused the armor of the rack to act as a brace. This bracing 

effect reduced the extent of the dent and absorbed part of the impact energy. The armor on the 

ammunition rack underwent only elastic deformation, returning to its original shape after the event. 

Unlike the first simulation, where fragments entered the crew compartment, the fragments in this 

scenario were ejected outward, meaning no damage occurred inside the tank. This demonstrates the 

effectiveness of the proposed additional armor in mitigating internal damage. 
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Figure 4. The impact of the 3UBR8, with red dots representing fragments outside the armor, 

alongside the deformed projectile 

In the third simulation, the impact of an APFSDS (Armour-Piercing Fin-Stabilized Discarding 

Sabot) projectile on the baseline armor was examined. The projectile type used was the 3VBM-17 

ôMangoô, which, while not the most modern, is one of the most widespread in its caliber. The 

projectile body is made of hardened steel, while the nose cap is tungsten. For the simulation, only 

these components were considered. The muzzle velocity was 1700 m/s, and the shot was simulated 

from a distance of 2 km, well within the effective range of the projectile. The projectileôs mass was 

4850 g, and the angle of impact was 90Á, which is optimal for the projectile and poses the greatest 

challenge for the armor. 

Upon running the simulation, the expected outcome occurred: the projectile easily penetrated 

the armor. During penetration, the projectile deformed and generated a large amount of high-velocity 

shrapnel that dispersed into the crew compartment. In addition, the main body of the projectile itself 

also entered the compartment, causing significant internal damage. This confirmed the limitations 

of the current armor configuration against such a threat. 

 

Figure 5. The penetration of the 3VBM-17, showing the plastically deformed armor plate and 

projectile, with red dots representing the fragments 

In the fourth simulation, the same initial conditions were used as in the third simulation, with 

the key difference being that the target was equipped with my proposed composite armor plates 

instead of the existing baseline armor. In this case, the projectile successfully penetrated the side 

armor and its additional layers. However, the impact caused significant deformation and reduced the 

projectile's velocity from 1450 m/s to 500 m/s. This deceleration rendered the projectile unable to 

penetrate the ammunition storage compartment's armor. Instead, due to the configuration of the 

layers, the projectile was deflected downward, toward the chassis of the vehicle. 
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The rotating ammunition compartment's armor once again acted as reinforcement. However, 

due to the more forceful impact, plastic deformation occurred in the area where the armor of the 

compartment came into contact with the deformed side armor and the slowed projectile. Despite 

this, the additional armor successfully protected the turret crew not only from lethal shrapnel but 

also from the projectile itself. This result highlights the effectiveness of the reinforced composite 

armor in safeguarding critical crew areas, even against high-energy threats. 

Figure 6. The 3VBM-17 continues its path toward the chassis, with fragments marked by red dots 

remaining below the crew compartment 

4. Conclusion 

Simulations have demonstrated that the three-layer additional shrapnel armor, with the specified 

layer order and thicknesses, effectively enhances protection. In the first control simulation using a 

smaller autocannon projectile on existing armor, perforation occurred. However, with the additional 

armor, the second simulation showed successful crew protection. The third simulation, testing the 

existing armor against a 125 mm shell, resulted in penetration, while the fourth, with the additional 

armor, deflected the projectile via ammunition storage plates, safeguarding the crew.  

The simulations confirmed the shrapnel protection capabilities of the armor. It prevented 

perforation in one case and deflected a projectile in another, validating the materials used and the 

concept of angled armor plates. Future experiments should include high-explosive fragmentation 

and shaped charges, utilizing more advanced simulation tools. If further tests corroborate these 

findings, live-fire trials could lead to a universal shrapnel-resistant armor applicable beyond T-72 

tanks, marking significant progress in crew protection 
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Abstract  

The aim of this study is to investigate the application of Halbach permanent magnets using 

numerical simulations and to determine the optimal magnetization directions and techniques for 

achieving a stable magnetic field around the Halbach magnet structure. The analysis includes a 

comparison of the magnetic flux distribution, magnetic field strength, and density of the tested 

magnets, taking into account various physical parameter changes. The research focuses on the 

linear configuration of Halbach arrays, supported by a simulation program, while considering 

the conditions for technical feasibility. 

Keywords: Halbach magnet, permanent magnet, flux density 

 

1. Introduction  

Permanent magnets are solid objects that maintain a stable magnetic field beyond their physical 

boundaries without requiring external energy input, following initial magnetization by an external 

magnetic field. These magnets are characterized by their robust resistance to demagnetization, 

making them a significant focus of contemporary research. Our study is based on these properties. 

Although it is feasible to manufacture such magnets artificially, the process is complex and involves 

multiple stages. The intricacy of the magnetization settings varies with the direction of 

magnetization and the number of poles, and is also significantly affected by the material type, shape, 

and spacing of the magnets. 

A Halbach array operates based on the interaction between a mobile charged particle and a 

magnetic field, which generates a net force on the particle. This principle enables the use of these 

magnetic fields to guide moving charged particles [4,5]. Applications of Halbach arrays include: 

 

- electric motors, 

- generators,  

- particle accelerators, 

- NMR experiment  

- and magnetic strips. 

 

The Halbach magnetic arrangement, also known as the Halbach Array (Figure 1), is a unique 

configuration of permanent magnets featuring a rotating magnetic pattern in space. This pattern 
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eliminates the magnetic field on one side while enhancing it on the other. This distinctive property 

has led to significant advancements in the application of magnets, particularly in magnetic levitation 

railways. The primary advantage is that it minimizes the magnetic field on one side, resulting in a 

scattered field, and effectively directs the magnetic flux to the opposite side. This nearly merges 

with the magnetic effects of both sides. This phenomenon can be best understood by examining the 

magnetic flux distribution (Figure 2). 

Discovered by Klaus Halbach, a researcher at Lawrence Berkeley National Laboratory, in 1980, 

this arrangement has since captured the interest of numerous research groups aiming to optimize its 

potential applications. 

 

Figure 1. Halbach array layout [1] 

              

Figure 2. Halbach array flux distribution [1]  

The use of Halbach arrays enhances the applicability of magnets. Starting with this 

configuration and subsequently combining it with the manipulation of magnetic flux density 

direction, it is possible to homogenize the distribution of magnetic field strength. 

2. Examination of the modified arrangement of the linear Halbach 

configuration 

The initial design of the study features a linear Halbach array consisting of 5 individual magnets, 

each with distinct magnetization directions, as illustrated in Figure 1. This configuration adheres to 

the basic Halbach arrangement. We modeled this setup using the FEMM 4.2 [3] simulation program 

[5], which lays the groundwork for the direction of physical research and implementation. Using the 

same type of magnet, the simulation program allows for the examination of various magnetic shapes 

and arrangements with scaled physical corrections. The results of these simulations were compared 

and evaluated. 
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2.1 Initial basic test status 

The initial basic Halbach magnetic arrangement is illustrated in Figure 3, which also displays 

the initial dimensions.  

              

Figure 3. The primary configuration of the linear Halbach array is depicted in a two-

dimensional format [1] 

The type and properties of the magnet used in the research are shown in Figure 4. 

              

Figure 4.  NDFeB N42 magnet datasheet [2]  

2.2 Complex Halbach simulation study 

In the following chapter, we present the results of the numerical cyclic analysis of various 

Halbach configurations. The alternating pole configuration (Figure 3) was used as the base magnetic 

arrangement, followed by physical rearrangements. In the simulation program, measuring lines were 

placed at three different distances, as shown in the magnetic flux distribution diagram of the base 

magnet (Figure 5). These measuring lines were positioned 1, 2, and 5 mm from both the lower and 

upper surfaces of the magnetic system, along which the magnetic inductions were examined. 

              

Figure 5.  Based on the magnet flux distribution diagram [1]  
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The next chapter presents the two-dimensional structural diagrams of various physically 

modified Halbach magnets, where the magnetic flux density along the measuring lines is compared. 

Magnetic flux density, also known as magnetic induction, is a vector quantity that represents 

the strength of a magnetic field. It is denoted by the symbol B, and its unit of measurement is the 

Tesla (T).      

2.3 Comparison of magnetic structure modifications 

           

The following chapter includes Table 1, which presents the compared structural configurations. 

The geometrical modifications were carried out using the FEMM4.2 program, wherein the structural 

setup was altered in 0.1 mm increments. At each step, the field strength values and flux density 

distributions were recorded. The table highlights key points, and the comparison helps determine 

the research pathway towards optimizing the modifications. 

Table 1. Comparison of Magnetic Structural Modifications Based on Field Strength 

Type  Geometric shape Flux density 

1 

  

2 

 
 

3 

  

4 

  

Table 1 outlines the geometric configurations of the 4 tests, where we examined the results of 

structural modifications. The attached images demonstrate the extent to which geometric 

modifications influence the flux density.  

Table 2 illustrates the changes in field strength within the previously discussed Halbach 

magnetic structures. 
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Table 2. Comparison of Magnetic Structural Modifications Based on Field Strength 

Type  Field strength diagram  Type Flux density 

1 

 

 2 

 

3 

 

 4 

 

 

The table presents the dynamic changes in flux density. The diagrams in Table 2 illustrate the 

variations in field strength by structure. Each figure can be divided into two parts: the right side 

shows the upper field strength, while the left side depicts the lower field strength of the Halbach 

structure. The objective is to optimize the upper field strength while minimizing the lower field 

strength. The following table presents the maximum values of the results. 

Table 3. Maximum Magnetic Field Strength of Investigated Halbach Structures 

Type  Geometric shape Maximum Flux density 

1 Basic Halbach array 1.18 T 

2 Halbach array with rectangular structure 1.21 T 

3 Trapezoidal Halbach array 1.18 T 

4 Halbach array with triangular structure 1.21 T 

3. Conclusion 

Based on the results obtained during the research process, it is evident that the maximum 

magnetic field strength cannot be significantly influenced in the investigated systems. However, it 

was observed during the modifications that the distribution of magnetic flux density can be altered, 

allowing the field strength to be regulated predominantly to one side. 

The examination results indicate that the triangular structural configuration proved to be the best 

for homogenizing the field strength. In the future, we will continue geometric modifications in this 

direction, expanding our research calculations to include changes in the pole orientations of the 

magnet. 

  



 S§ndor Nagy, S§ndor Semperger ï (ESB 2024) 

 

81 

 

4.  References 

[1] S. Nagy and S. Semperger, "Investigation of different of arrangement of Halback array," in 

Proc. IEEE 7th Int. Conf. Workshop in čbuda on Electrical and Power Engineering, 2024, 

in press 

[2] Arnold Magnetic Technologies, "N42 Neodymium Magnet Datasheet," Nov. 2017. 

[Online]. Available: https://www.arnoldmagnetics.com/wp-content/uploads/2017/11/N42-

151021.pdf 

[3] "Magnetic Tutorial," FEMM, Accessed: Dec. 13, 2024. [Online]. Available: 

https://www.femm.info/wiki/magneticstutorial 

[4] J. Ofori-Tenkorang and J. H. Lang, "A comparative analysis of torque production in 

Halbach and conventional surface-mounted permanent-magnet synchronous motors," in 

Proc. IEEE IAS 30th Annu. Meeting, Oct. 1995, pp. 657-663. 

[5] J.M.D. Coey, Permanent magnet applications. J. Magn. Magn. Mater., vol. 248, no. 3, pp. 

441-456, Aug. 2002. 

 

 

https://www.arnoldmagnetics.com/wp-content/uploads/2017/11/N42-151021.pdf
https://www.arnoldmagnetics.com/wp-content/uploads/2017/11/N42-151021.pdf
https://www.femm.info/wiki/magneticstutorial


 

82 

 

 

Engineering Symposium at B§nki 

(ESB 2024) 

 

Criminal use of drones and possible lines of defence 
1 Norbert Daruka, 2 Kriszti§n V®gh 

1 Obuda University, B§nki Don§t Faculty of Mechanical and Safety Engineering, Budapest,  

Hungary, daruka.norbert@bgk.uni-obuda.hu 
2 Ludovika University of Public Service, Doctoral School of Military Engineering, Budapest, 

Hungary, vegh.krisztian1@gmail.com  

Abstract 

The use of an Unmanned Aerial Vehicle (UAV) with criminal intent falls within the scope of 

activities that are intended to achieve illegal or objectionable ends and may endanger human life, 

public order, or national security. The criminal use of drones, as unmanned aerial vehicles are 

commonly known, raises a number of dangers and ethical issues that have become increasingly 

pressing with the development of modern technology. Although drones were originally designed 

for military and industrial purposes, the proliferation of easily accessible and cheap models has 

opened up new opportunities for criminals. The experience of innovation in recent years ï in the 

battlefield ï also shows that the development of capabilities such as advanced weapon systems, 

drones, and other strike-measuring devices has accelerated significantly. Today, unmanned 

systems are used across the full spectrum of communications, reconnaissance, strike 

measurement, and support. Our aim is to raise awareness of the problem posed by these devices 

and to highlight possible ways and means of defence. 

Keywords: unmanned systems, drones, drone protection, malicious use. 

 

1. Unmanned systems 

Unmanned systems, also known as drones, have developed significantly in recent decades and 

have a wide range of applications in modern society. Systems with unmanned mobile platforms are 

commonly referred to as UxS.  

Depending on the type of deployment, they can be categorised as land-based (UGS ï Unmanned 

Ground System), airborne (UAS ï Unmanned Aircraft System), or maritime (UMS ï Unmanned 

Maritime System). UxS use sensors to detect the environment and its changes and are able to process 

the information received semi-automatically and autonomously. These devices, known as ñdronesò, 

have undergone enormous change over the last decade. These changes are mainly due to 

technological developments and conflicts in the world. 

Confusingly, the term ñdroneò is clearly associated in the vernacular with unmanned aerial 

vehicles, and this will be very difficult to change, if it is to be changed at all.  

Today, unmanned systems are playing an important role in many areas, and their technological 

development is affecting many sectors.  
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1.1 Military applications  

Unmanned systems were originally related to military applications and have become an 

important part of modern warfare. As a result of the experience of armed conflicts of today, it is now 

clear that the emergence and mass deployment of UAVs is changing the nature of warfare. They 

have become ubiquitous, from the combat to the strategic level. Opinions differ, however, as to 

whether this is a revolutionary change or 'merely' an evolution of warfare. Drones are essentially 

used for tasks that would otherwise be carried out by human power or would require the direct or 

indirect presence of a human being, but their loss or injury does not put personnel at risk, which in 

turn allows commanders to accept a significantly greater risk. Nowadays, drones and drone systems 

of various sophistication are available to all actors in the security environment. Regular armies and 

non-state actors are developing their reconnaissance, strike, and other drone capabilities. Its main 

applications are in reconnaissance, data and information transfer, EW missions, deception, logistics, 

medical transport, and various strike applications such as explosive ordnance disposal, chemical 

delivery. Defending against them in both battlefield and urban environments is an extremely difficult 

task, which is a significant factor in today's environment [1]. 

1.2 Agricultural application  

Drone applications in agricultural fields have also developed significantly in recent years.  

The most typical applications include various types of parcelling, survey areas, spraying, and harvest 

forecasting. One may ask why this area is vital in view of the objectives of this publication. Well, it 

is simple: in the context of conflicts, it must also be recognised that the main objective of two or 

more opposing forces is to put the enemy in a position where he is forced to give up his territorial, 

power, or economic ambitions or position. Just think of the longer-term impact on the economy of 

using drones to destroy crops in agricultural areas. And in the short term, it could be used to disrupt 

troop movements, as a pass over an area planted with crops could result in huge losses if the area is 

set on fire. Although this is a rough idea, it cannot be ignored. 

1.3 Logistics and transport 

The use of drones in freight forwarding is gaining increasing attention as it offers significant 

advantages in the fast, cost-effective, and safe transport of goods. Many companies are focusing on 

their environmentally friendly features and extreme speed. Unfortunately, malicious use is also 

possible in this area, as it is not possible to know exactly what the package arriving at the exact 

address by drone contains. ñHowever, the real threat is when explosive devices are targeted using 

this method. In this case, the unsuspecting victim has no idea that an explosive device, for example, 

may be in the immediate vicinity instead of the plug, book, or food they ordered. Sceptics might 

argue that, even from a distance of 16 kilometres, the bomber would not know when to detonate the 

device. To those who think this way, I recommend studying explosive devices with different sensors. 

Since the explosive devices can be delivered in a sealed package, only a light or a photocell is needed 

for the system to work. The victim in this case has no idea that he is playing with his life the moment 

he opens the packageò [2]. It has been more than a decade since the risks of logistics deliveries by 

drones were highlighted, but no countermeasures have been taken. It is also certain that if a 

successful attack is carried out, it will not be publicised, as drone transport or drone logistics itself 

is a huge field that can suffer huge losses from bad publicity. 

1.4 Infrastructure inspection and maintenance 

Unmanned systems are a great help in areas where human access to infrastructure is difficult or 

risky. In this respect, access, repair, and maintenance of high buildings and bridges are made 
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possible. For critical infrastructures, the monitoring, repair, and maintenance of energy supply 

systems is perhaps the most challenging. It is no coincidence that this is perhaps the sector most at 

risk from deliberate attacks, sabotage, and military targets. In the case of critical infrastructures, it 

is impossible to list all the sectors that would not pose a problem to those living, working, or policing 

in the area in the event of an external attack. In this respect, oil installations, communication stations, 

and energy sector installations are also critical. Looking at conflict zones around the world, on the 

other hand, there is an increase in the vulnerability of health facilities and military installations. 

Drones and, in this respect, cruise munitions can cause enormous damage at the local, regional, and 

even national level. 

Loitering Munition is ammunition whose trajectory or flight path is controlled. Depending on 

the mission profile, it searches for predetermined targets on the ground in the area of operations and, 

once enabled by the operator, engages moving targets with high accuracy. The LM is intended for 

single use against enemy targets. Once launched, it does not return and cannot be returned to a ready-

to-use state. The increased threat posed by unmanned air systems applies to both UAS and LM. Both 

are often referred to indiscriminately as ñkamikaze dronesò when used as active assets. 

1.5 Environmental monitoring and research 

Mention should also be made of the use of unmanned systems to protect the environment.  

The monitoring of nature reserves, disaster monitoring and detection, and monitoring of climatic 

changes also fall into this category. This is perhaps the only area where there is currently no risk of 

criminal use. 

1.6 Entertainment and media 

The use of unmanned systems for entertainment purposes is also widespread. Drones have 

become an essential part of sports coverage. Aerial coverage offers a whole new perspective on 

events and, unfortunately, the dangers are inherent. It may not be common, but these systems can 

also malfunction, lose control, or fall due to physical contact, posing a danger to those in the area. 

This does not mean that the systems are being maliciously damaged; the indirect risk is still there.  

If we look at future trends, it can be seen and realised that unmanned systems will continue to 

evolve in the future. In our opinion, the main trends in the development of drones will be determined 

by the emergence of autonomous systems, 5G, and its additional components, and "Swarm" 

technology. We are confident that these are the areas where protection needs to be created now, 

regardless of the fact that the final trends are not yet known. 

2. The use of drones in terrorist activities 

The intertwining of terrorist activities and drones is a growing concern in many countries around 

the world, as drones have become a highly effective tool for terrorist groups, particularly in carrying 

out terrorist attacks. Drones offer terrorists a new and highly effective way to carry out conventional 

attacks without the need to be directly present on the ground. The wide availability, low cost, and 

ease of use of drones have led to their rapid adoption by these types of groups [3]. The main areas 

of application are: 

2.1 Bombing 

Guided Explosive Devices: One of the most dangerous applications of drones is the delivery of 

explosive devices and the attack on targeted objects. Drones are capable of delivering small but 

effective explosives and explosive devices, and dropping them directly on targets. Terrorists can use 
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these attacks to target selected targets, such as government buildings, military bases, or even mass 

gatherings.  

Drones as ñmobile bombsò: Drones can reach places where other conventional explosive 

devices are more difficult to reach. Drones flying at low altitudes can reach the target area with 

pinpoint accuracy, making them difficult to detect and allowing them to attack quickly and by 

surprise. 

2.2 Surveillance and spying 

Covert surveillance: Drones offer terrorists an ideal tool for monitoring targets, government 

buildings, military bases, or strategic infrastructure. Drones can hover over desired locations for 

hours, recording movements and events without posing a direct threat to observers. 

Covert surveillance: smaller drones, which can be easily hidden, can observe people and the 

environment undetected [4]. Drones can use light and infrared detection, so they can operate 

effectively even at night. 

2.3 Communication disruption  

Jamming attacks: Some terrorists may also use drones to jam communication and navigation 

systems. Disruption of sensitive equipment such as mobile phones and radio communication systems 

can contribute to reducing the effectiveness of security measures. 

2.4 As a means of transport 

Smuggling of weapons and drugs: Drones are increasingly being used for illegal transport, 

including drugs, weapons, and other illicit substances. Drones are able to bypass traditional border 

security systems as they do not require any formal entry or customs clearance. 

2.5 Creating a mass disaster 

Biological or chemical attacks: although drones do not yet have biological or chemical weapons 

for widespread use, they could theoretically be able to deliver small quantities of toxic substances 

or infectious micro-organisms to the intended target. Such an attack, although small in range, could 

create enormous fear and panic. 

3. The dangers of drones 

Drones are an increasing challenge for security authorities. The following threats are of 

particular concern in relation to the use of drones by terrorist groups: 

3.1 Vulnerable targets 

Drones allow terrorists to precisely target public services, critical infrastructure such as power 

grids, water supply systems, hospitals, and other critical public or private facilities. Such attacks can 

cause significant economic and social damage [5]. 

3.2 Difficult to detect 

A major advantage of drone attacks is that they are extremely difficult to detect. Because drones 

are small and relatively slow, they can easily evade conventional defence systems such as radars and 

missile defence systems. 
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3.3 Mass panic and psychological impact 

Drone attacks can have a particularly psychological impact on society, as civilians who are 

unable to predict when and where they may be attacked may experience increased stress. A small 

explosion can be enough to cause panic in the population. 

3.4 Strategic threat 

Drones are capable of carrying out highly precise attacks, giving terrorist groups the opportunity 

to target high-profile individuals (e.g., political leaders, military commanders). This type of targeted 

attack can have an extreme impact on political stability. 

4. Defending against drones 

A number of security measures are in place to counter terrorist use of drones, but defending 

against them is complex and costly. In terms of the amount of literature available and processed, and 

the number of codes and regulations adopted and implemented, on drone protection (both 

active/drone countermeasures and passive protection), it can be said that there is still room for 

improvement. We believe that this is simply because it is a relatively new threat, and the time 

between its recognition and the development of the right responses to it has been extremely short. 

[6] 

In a nutshell, drone protection is the sum of activities to protect forces, assets, and critical 

infrastructure from the harmful effects of drones, whereby the coordinated efforts of the relevant 

disciplines can avoid or minimize the damage caused by drones. 

With regard to the active technical conditions for drone protection, only ñsystems of systemsò 

employing multiple sensors and ñeffectorsò simultaneously and in a system can provide effective 

protection. It is therefore a complex task for the various platforms of air defence, coordinated in 

time, height, and distance [7]. Some defence options are described below: 

4.1 Sensor systems 

Radar systems: Radars for detecting drones are capable of monitoring low-altitude moving 

objects. These systems can monitor flight zones and provide timely alerts if a drone is in an undesired 

area. 

Optical and infrared sensors. Infrared systems are also capable of night detection. 

4.2 Signal jamming 

Jamming is a technique that jams the communication between a drone and the control station 

by emitting electromagnetic signals. If the drone is unable to communicate with its pilot, it may 

return to its point of origin or crash. The effectiveness of jamming depends largely on the strength 

of the jamming, the type of drone, and the communication frequency. 

Radio Frequency (RF) jamming: RF jamming can disrupt the communication and navigation 

systems of drones, causing them to become uncontrollable or shut down. 

GPS jamming: Interference with the GPS-based navigation systems of drones can force them to 

return to a safe location or make an emergency landing. 

Network jamming: recent developments could include interference with 5G, Wi-Fi, and other 

wireless communication systems that could profoundly affect the operation of some drones. 
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4.3 Defence systems 

While jamming and detection are important, integrated systems often also include physical 

defenses that can stop, intercept, or destroy a threatening drone. The most common such devices 

are: 

Drone netting systems: The purpose of such systems is to intercept the drone without completely 

destroying it. The net is used to drop the drone in a safe place after it has been intercepted. Captured 

drones are usually stopped on the spot, thus minimizing the risks. 

Firing (non-lethal weapons): Some systems use special firearms that target the drone. Such 

weapons usually do not kill, but simply destroy the drone's electronics or propellers, causing it to 

stop. 

Energy-based systems (lasers, microwave weapons): Energy-based weapons incorporated into 

integrated systems are capable of destroying the drone's electronic systems in a targeted manner. 

Lasers and microwave weapons can attack the drone's sensors, communication systems, or engines, 

disabling or destroying them. 

Anti-drone systems: In some countries and organizations, systems are in place to physically 

neutralize drones. Such systems may include net interception, electronic jamming, or even drone 

attacks. 

4.4 Automated management systems 

Modern integrated systems often include autonomous systems that can automatically react to 

drone threats. These systems automatically detect drones, classify threats, and immediately initiate 

the appropriate response, whether it be jamming, interception, or destruction. 

Automatic target identification and tracking: Sensors and AI-based systems enable fast and 

accurate drone identification and tracking. AI enables the system to automatically select the most 

appropriate defensive response. 

Integrated responses. For example, the system can first warn, then trigger a jamming attack, and 

finally, if necessary, physically destroy the drone. 

4.5 Legal and regulatory measures 

Regulation and licensing: Stricter regulations and registrations on drones could facilitate the 

identification and tracking of potentially dangerous individuals and groups. 

Defence authorities: State and international cooperation is key to countering terrorist drone 

threats, as some attacks may cross international borders. 

The convergence of terrorist activities and drones poses serious challenges to global security.  

The easy availability, low cost, and versatility of drones provide terrorists with the opportunity to 

carry out attacks, observe targets, and disrupt security systems effectively. In addition to adequate 

defence mechanisms and legislation, international cooperation is important to minimize terrorist 

activities in the future. 
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Abstract 

Running has become one of the most popular sports because of its low cost and ease of joining. 

Longitudinal bending stiffness (LBS) is a footwear property that plays a vital role in runnersô 

athletic performance. A total of 16 healthy male recreational runners (running time Ó 6 months, 

weekly running distance Ó 10 km) were recruited for this study. After warming up and getting 

familiar with the experimental environment, the subjects wore three types of LBS running shoes 

(shoe 1: 2.7 Nm/rad, shoe 2: 5.0 Nm/rad, shoe 3: 8.6 Nm/rad) in random order and ran at a speed 

of 10km/h. The Visual3D three-dimensional motion analysis software was used to analyze the 

joint angles of the hip, knee, ankle, and metatarsophalangeal (MTP) joints during the running 

stance period, and the joint range of motion (ROM) and peak angle velocity were further obtained. 

This study found that ankle and knee ROM and peak angle velocity were significantly greater 

than S1 when wearing S2 and S3. MTP joint ROM and peak angle velocity were significantly 

smaller than S2 and/or S1 when wearing S3. This provides a basis for understanding how LBS 

affects lower limb joint ROM and peak angle velocity. It also provides suggestions for 

recreational runners on the choice of running shoes. 

Keywords: running, longitudinal bending stiffness, joints, angle, angle velocity 

1. Introduction  

Although running is popular, it has a disadvantage that cannot be ignored, that is, the risk of 

running-related injuries (RRI) is extremely high [1]. These injuries may involve the hip, knee, ankle, 

and other parts of the body, and require careful and steady training as well as proper body position 

and equipment to reduce the risk of injury and maximize the benefits of running. Various studies 

have examined the prevalence of injuries in runners, with the prevalence ranging from 3.2% to 

84.9%, a large variation that differences in study design, injury definitions, victim characteristics, 

and follow-up periods can explain [2]. 

Longitudinal bending stiffness (LBS) refers to the hardness or stiffness of the shoe when it is 

bent in the longitudinal direction (i.e., from heel to toe). The LBS of running shoes not only affects 

the biomechanical characteristics of running, but also affects the subjective feelings of runners [3]. 

Wang Yu [4] found in his study on the effects of different LBS insoles on subjective comfort and 

jogging biomechanics that changing the LBS of sports shoe insoles can change the LBS of the entire 

shoe and affect the subjective comfort of the wearer. The smaller the LBS, the better the overall 

comfort, and the more people tend to choose such shoes; changes in the insole LBS can affect the 

eversion angular velocity of the ankle joint, the eversion angle of the knee joint, and the extension 
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angle of the metatarsophalangeal joint during jogging. Choosing sports shoes with appropriate LBS 

can protect the knee joint, ankle joint, and metatarsophalangeal joint to a certain extent and reduce 

the chance of injury; changes in the insole LBS can affect the position of the center of pressure point 

and joint torque during jogging, which can improve running economy. In addition, Ma et al. [5] found 

that changes in LBS affect the plantar flexion speed during the extension phase of running; the lower 

the stiffness, the faster the speed; it also affects the plantar flexion speed during the cushioning phase 

of running; the higher the LBS, the faster the speed; and increasing LBS can increase the stability 

of the movement of the inner foot during running. In addition, Chen et al. [6] found that LBS directly 

affects the performance of various sports such as running, jumping, sprinting, and multidirectional 

sports, and prevents metatarsophalangeal joint loss by limiting metatarsophalangeal joint 

hyperextension. In addition, it was concluded that running shoe LBS mainly affects the kinematic 

parameters of the metatarsophalangeal joint and ankle joint. Higher running shoe LBS has a shock-

absorbing effect by increasing the ankle contact angle, and higher stiffness running shoes have the 

smallest ankle eversion angle before and after running, while low stiffness running shoes have the 

largest ankle eversion angle. Low stiffness running shoes have higher propulsion force, but 

excessive reliance on knee joint work may pose a risk of injury [7]. 

The purpose of this study is to compare the range of motion (ROM) and peak angle velocity of 

the hip, knee, ankle and metatarsophalangeal (MTP) joints of the lower limbs during the stance phase 

of running when recreational runners wear different LBS running shoes, in order to explore the LBS 

suitable for recreational runners from a biomechanical perspective, and to provide a reference for 

further reducing sports injuries and improving sports performance. 

2. Materials and Methods 

2.1 Participants 

A total of 16 adult males were recruited for the study (participant information is shown in Table 

1). The recruitment criteria for recreational runners in this experiment were: continuous running for 

at least 6 months and at least 10 kilometers per week. The dominant limb refers to the leg that is 

preferred for kicking a ball. The dominant limb of all participants is the right lower limb. All  

participants had no health problems and/or neuromuscular diseases and/or known gait disorders, and 

had no lower limb injuries in the past six months. All  participants were informed of the purpose, 

methods, and procedures of the test before the test and signed the informed consent form. 

Table 1. Demographic information 

N 16 

Age 23.13Ñ1.17 

Height 175.21Ñ1.62 

Weight 75.72Ñ3.61 

Cumulative running timê months̃  8.23Ñ1.12 

Weekly running distance 15.47Ñ2.34 
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2.2 The Experimental Shoes 

The specific details of the running shoes used in this experiment are shown in Figure 1. In order 

to eliminate the influence of other design parameters of the shoes on the mechanical properties of 

the shoes, the experimental shoes used in this study were all provided by a third-party organization 

and the LBS values of the running shoes were measured by a third-party organization using a rotating 

axis material testing machine (Instron ElectroPuls E1000, Norwood, MA, USA) to ensure that the 

other mechanical properties of the three pairs of running shoes were the same except for the LBS. 

The customized running shoes requirements are as follows: (1) In terms of material composition, 

the outsoles of the three pairs of running shoes are made of rubber with the same material properties, 

the midsoles are made of EVA cushioning materials and carbon fiber plate support materials with 

the same material properties, and the uppers are made of artificial leather with the same material 

properties; (2) In terms of appearance and size, the heel height of the three pairs of running shoes is 

4.2 cm, and the forefoot thickness is 2.6 cm; (3) In terms of LBS, this study selected the LBS based 

on previous studies [8, 9]. 

 

Figure 1. The information of shoes (S1: shoe 1, S2: shoe 2, S3: shoe 3) 

2.3 The Experimental Process 

Before the formal test, the subjects entered the laboratory to fill in  basic information. After 

filling in  the basic information, the subjects warmed up by running for 10 minutes at the speed they 

felt most comfortable. After completing the warm-up, participants will use the results of a random 

draw to determine the order in which they will wear their running shoes in the formal experiment. 

In the first step of the formal test, each subject was asked to stand on a force platform to collect 

static coordinates. During the test, the subjects were asked to run on a specified track wearing the 

first pair of shoes. The subjects were asked to complete a full  gait cycle on the force platform (Kistler, 

Winterthur, Switzerland) located in the middle of the track. In this test, a full  gait cycle was defined 

as the time from the right heel strike to the right forefoot leaving the ground. The force platform 

recorded the ground reaction force during running at a frequency of 1000 Hz to determine a complete 

gait cycle. The motion data of the stance phase was recorded at a frequency of 200 Hz using an 

infrared 3D motion capture system with eight cameras (Vicon Metrics Ltd., Oxford, UK). The force 

platform and the infrared motion capture system were synchronized to collect motion data. In order 

to obtain the running speed of the subjects in a timely manner, a Brower infrared timing light 

(Brower Timing System, Draper, UT, USA) was used to control the speed. The subject must 

successfully complete five attempts for each pair of shoes. 
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Figure 2. Experimental flow chart 

2.4 Data Analysis 

Kinematic data preprocessing was performed in Vicon Nexus software, and five complete 

support periods were captured for each test group of each subject. The support period was defined 

as the interval from right heel strike to left toe lift -off. The frame number corresponding to the right 

heel strike (the first frame with a force value exceeding 20 N) and the frame rate corresponding to 

the left toe lift -off (the last frame with a force value exceeding 20 N) were determined by the vertical 

ground reaction force value [10]. The missing marker points in the support period were completed, 

and the wrong or redundant marker points in the support period were deleted. Then, a file containing 

the support period marker point trajectory and ground reaction force data (.c3d format) was exported 

for subsequent processing. 

The exported files were further processed using the biomechanical analysis software Visual3D 

(C-Motion, Germantown, USA), and the static data of the subjects collected were selected to create 

a static model. After the static model was created, the joint angles were calculated using the 

"Compute Model-Based Data" command. The calculated data were filtered using the "Lowpass 

Filter" command, and the kinematic data cutoff frequency was 14 Hz, which was used for the 

denoising process of the marker trajectory. The joint angles of each frame during the support phase 

were exported in .txt format using the "Export Signals to ASCII File" command in the "Script/Pipeline 

Processing" window. The ROM and peak angle velocity of the joints were calculated and 

summarized in Excel (Microsoft, SFO, USA). 

2.5 Statistical Analysis 

SPSS 26.0(SPSS, Chicago, IL, USA) software was used for statistical analysis. 

Descriptive statistics were provided as means and standard deviations (SD). Tests for normality 

and homogeneity of variances (ShapiroïWilk and Leveneôs, respectively) were conducted on all 

data before the analysis. One-way ANOVA was performed to determine the effects of LBS on joint 

ROM and peak angle velocities during running. The level of statistical significance was set at p < 

0.05. 

3. Results 

3.1 ROM 

The effects of LBS on joint ROM are shown in Table 2. 



Quian Liu, Istv§n B²r· ï (ESB 2024) 

 

93 

 

The knee flexion and extension ROM when running in S2 and S3 are significantly greater than 

those in S1(P=0.001). The ankle dorsiflexion and plantarflexion ROM when running in S2 and S3 

are significantly greater than those in S1 (p =0.001). The MTP dorsiflexion ROM when running in 

S3 is significantly smaller than this in S1 (p =0.001). The MTP plantarflexion ROM when running in 

S3 is significantly smaller than this in S1 and S2(p=0.001). 

Table 2. The effects of LBS on joint ROM   

(a. Significantly different from S1, b. Significantly different from S2, c. Significantly different from S3.) 

 

 

 

 

 

 

3.2 Peak Angle Velocity 

The effects of LBS on joint peak angle velocity are shown in Table 3. 

The knee flexion and extension peak angle velocity when running in S2 and S3 are significantly 

greater than those in S1 (p=0.001). The ankle dorsiflexion and plantarflexion peak angle velocity 

when running in S2 and S3 are significantly greater than those in S1 (p =0.001). The MTP 

plantarflexion ROM when running in S3 is significantly smaller than this in S1 and S2 (p =0.001). 

Table 3. The effects of LBS on joint peak angle velocity 

             (a. Significantly different from S1, b. Significantly different from S2, c. Significantly different from 

S3.) 

 

 

 

 

 

 

 

 

 

 

  

ROM Á  S1 S2 S3 

Hip Extension 40.01Ñ8.92 41.90Ñ7.83 44.28Ñ8.50 

Knee 
Flexion 21.36Ñ4.34bc 27.75Ñ2.67a 28.06Ñ4.85a 

Extension 15.03Ñ9.29bc 19.23Ñ5.52a 19.91Ñ8.35a 

 

Ankle 

Dorsiflexion 14.25Ñ1.57bc 18.53Ñ0.98a 18.78Ñ0.92a 

Plantarflexion 32.90Ñ4.01bc 38.43Ñ4.79a 38.12Ñ4.97a 

 

MTP 

Dorsiflexion 15.90Ñ3.89 17.20Ñ4.22c 13.40Ñ1.33b 

Plantarflexion 15.65Ñ4.42c 12.60Ñ3.47c 8.88Ñ2.34ab 

Peak angle velocity rad/s  S1 S2 S3 

Hip Extension 6.16Ñ0.97 6.18Ñ0.46 5.94Ñ0.49 

 

Knee 
Flexion 4.12Ñ1.47bc 7.32Ñ1.28a 9.37Ñ1.28a 

Extension 4.12Ñ1.47bc 6.32Ñ1.28a 7.37Ñ1.28a 

 

Ankle 
Dorsiflexion 5.71Ñ0.79bc 7.24Ñ2.05a 7.10Ñ1.87a 

Plantarflexion 4.80Ñ0.66bc 7.38Ñ0.51a 7.45Ñ0.84a 

 

MTP 
Dorsiflexion 3.53Ñ0.49 3.78Ñ2.46 3.35Ñ0.63 

Plantarflexion 8.44Ñ1.58c 7.13Ñ1.68c 4.23Ñ1.32ab 



Quian Liu, Istv§n B²r· ï (ESB 2024) 

 

94 

 

4. Discussion 

This study compared the hip, knee, ankle, and MTP joints of recreational runners during the 

running stance phase under three different LBS. Mainly observe the changes in joint ROM and peak 

angle velocity to explore the effects of different LBS on lower limb biomechanics. The study found 

that different LBS will affect the biomechanical characteristics of recreational runners during 

running. 

       In this study, the effects of running shoes on the biomechanical characteristics of the lower 

limbs were mainly concentrated on joint ROM and peak angular velocity. The knee ROM and ankle 

peak angular velocity were shown to be greater in S3 and S2 than in S1. Increasing the LBS of 

running shoes will  change the way the foot contacts the ground, which may cause runners to adjust 

their gait to adapt to the physical characteristics of the shoe. This adjustment may include changing 

the way the foot strikes the ground [11], thereby affecting the range of motion of the knee joint 

during the running cycle. The greater the LBS of the running shoe, the more obvious the rebound 

effect of the sole after each step. This elastic reaction not only reduces energy loss but also provides 

additional power when the foot strikes the ground, thereby increasing the angular velocity of the ankle 

joint [9]. The reason why the ROM of the ankle and knee with high LBS is greater than that with 

low LBS is primarily due to the mechanical properties of the materials and the design of the joint 

structure [12]. Higher LBS generally provides better support and stability to the ankle, reducing 

unwanted movements and improving the efficiency of motion. This enhanced stability allows the 

joint to function more effectively within its designed range of motion [13], thus potentially 

increasing the overall ROM compared to joints with lower stiffness, which might allow for excessive 

and less controlled movements, leading to a decreased effective ROM. 

The reason why the range of motion of the MTP is smaller in cases of high LBS compared to 

low LBS is primarily due to the rigidity and limited flexibility of the structures involved. High 

longitudinal bending stiffness indicates that the material or structure (such as a shoe or orthotic) is 

more resistant to bending [14]. This increased resistance restricts the natural movement and flexion 

of the metatarsophalangeal joint, thereby reducing its range of motion [15]. In contrast, low 

longitudinal bending stiffness allows for greater flexibility and bending, enabling a larger range of 

motion in the joint [16]. 

High LBS running shoes can reduce energy loss and improve the efficient conversion and 

transfer of energy, which requires the ankle joint to complete its action cycle more quickly when 

running. This efficiency improvement is usually reflected in the acceleration of the ankle joint during 

the stage of pushing the ground, thereby increasing the angular velocity. 

5. Conclusion 

This study found that ankle and knee ROM and peak angle velocity were significantly greater 

than S1 when wearing S2 and S3. MTP joint ROM and peak angle velocity were significantly 

smaller than S2 and/or S1 when wearing S3. This provides a basis for understanding how LBS 

affects lower limb joint ROM and peak angle velocity. It also provides suggestions for recreational 

runners on the choice of running shoes. 
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Abstract  

This study explored how the position and lateral displacement in Chevron osteotomy affect stress 

on the metatarsophalangeal joint. Using CT images from a patient with moderate hallux valgus, 

a 3D model was simulated under a standing load. Ansys software analyzed biomechanical 

properties after six Chevron osteotomy interventions. Results indicated reduced peak stress on 

the first metatarsal bone with distal 1/5 osteotomy and 2-4mm lateral displacement. Stress 

increased with distal 2/5 osteotomy. Lateral movement decreased peak stress on the first 

metatarsophalangeal joint, with 0.48MPa and 0.61MPa stress at distal 4mm osteotomy. Distal 

1/5 osteotomy at 5 sites with 4mm lateral displacement was optimal for moderate hallux valgus. 

Osteotomy position did not affect the first metatarsal bone stress distribution. Distal 1/5 

osteotomy provided better stability and reduced stress between the first metatarsophalangeal 

joints compared to distal 2/5 osteotomy, which distributed stress on both sides of the osteotomy 

plane, hindering healing. 

Keywords: Hallux valgus, chevron osteotomy, first metatarsophalangeal joint, finite element 

analysis   

 

1. Introduction  

Hallux valgus is the first metatarsophalangeal joint deformity [1, 2], often ac-companied by foot 

pain or severe dysfunction [3]. The disease occurs in 30% of adults and is characterized by medial 

osseous process, pronation of the big toe, and secondary metatarsophalangeal joint dislocation [4]. 

Hallux valgus angle (HVA) and intermetatarsal angle (IMA) are usually used to evaluate the degree 

of hallux valgus [5]. Hallux valgus can cause serious health problems and affect an individual's 

ability to participate in sports activities [6]. 

Chevron osteotomy is a distal osteotomy for mild to moderate hallux valgus deformity [7]. In 

this operation, a V-shaped incision was formed in the head or neck of the distal metatarsal, and the 

distal fragment was laterally displaced. So far, Chevron osteotomy and its modified operation are 

the most commonly used surgical methods for the treatment of hallux valgus. How to achieve 

satisfactory surgical results, reduce pain, and prevent complications is a problem worthy of doctors' 

consideration [8]. 

The finite element method is a computer simulation technology that has been widely used in 

engineering, mechanics, biomechanics, and other fields. In biomechanics, the finite element method 

has been used to study the behavior of the foot and ankle, including the effect of load on bone and 

soft tissue. In this study, a series of finite element models with different osteotomy positions and 

lateral displacement during Chevron osteotomy were established to simulate the stress distribution 
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of metatarsal bone when standing at rest, and to explore the biomechanical properties of hallux 

valgus foot and the effect of operation on its biomechanics. The evaluation of the curative effect of 

clinical orthopedic surgery is mainly based on the improvement of clinical symptoms, while 

mechanical analysis is ignored. From the point of view of biomechanical mechanism, this study 

studied the influence of osteotomy position and lateral displacement of Chevron osteotomy on the 

stress of metatarsophalangeal joint, and tried to clarify the stress mechanism of different modified 

Chevron osteotomy on the first metatarsophalangeal joint [9]. According to the results of this study, 

optimize the operation plan and improve the success rate of operation and the postoperative 

rehabilitation effect. In order to improve the relevant theoretical research of the osteotomy, and 

provide a theoretical basis for a series of clinical evaluation criteria, rehabilitation strategies, or 

reconstruction techniques [10]. 

2. Materials and methods 

2.1 Model building 

According to a patient with moderate hallux valgus (her HVA and IMA were 26.74 Áand 14.09 

Árespectively), the right foot was scanned by CT at an interval of 0.5mm, and the standing state of 

the right foot was simulated. Mimics16.0 (Materialise, Leuven, Belgium) is used to segment the 2D 

image to get the 3D model of bone and tissue, and Geomagic Studio 2013 (Geomagic, Inc., Research 

Triangle Park, NC, United States) is used to smooth the surface of the model. Each surface 

component is then imported into SolidWorks 2020 (SolidWorks Corporation, Waltham, MA, USA) 

to form a solid part. The purpose of this study was to explore the stress distribution of the first 

metatarsophalangeal joint when standing with different osteotomy methods of Chevron osteotomy. 

Different osteotomy positions were simulated at distal metatarsal1/5 and 2/5, respectively. After 

osteotomy, the distal metatarsal head was pushed laterally to 2mm, 4mm, and 6mm, and the 

osteotomy angle of each model was 90Á [11]. After the operation simulation was carried out using 

Solidworks software. Import the model into the software Ansys Workbench 19.2 (ANSYS, Inc., 

Canonsburg, PA, USA) to establish ligaments, divide meshes, and perform finite element analysis 

[12]. 

Chevron osteotomy is simulated in SolidWorks. Chevron osteotomy first removes the medial 

osseous process of the metatarsal head, and then forms a V-shaped incision in the head or neck of 

the distal metatarsal bone. At the same time, the distal metatarsal bone is laterally displaced, and the 

proximal excess metatarsal bone is removed after displacement [13]. In SolidWorks, the steps of 

simulating Chevron osteotomy are as shown in Figure 1. 

 

Figure 1. The cartilage constructed in Solidworks, and the methods used to simulate different 

operations and the final solid model 
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2.2 Boundary and loadings 

In this study, the stress on both feet of patients with hallux valgus was simulated when standing 

in balance, and the finite element method was used to analyze the standing balance of the right foot. 

In the study, only the neutral state under the condition of equilibrium standing is considered for 

static analysis. The upper surface of the soft tissue wrapped outside the bone, the distal tibia and the 

distal fibula were fixed, and the degrees of freedom in 6 directions were constrained. In this study, 

the balance standing mass of the subjects was 50kg. In previous finite element studies, most studies 

simulated quiet standing by applying 50% body weight to the ankle joint, considering muscle 

strength, and applying 25% body weight to the Achilles tendon. Therefore, the tension of 125N is 

applied vertically at the attachment point of the Achilles tendon, the ground support is simulated by 

elastic material, and is only allowed to move freely in the vertical direction, and the vertical ground 

reaction force of half-body weight is applied to the lower surface of the plate, 250N. Except for soft 

tissue, all materials are regarded as isotropic linear elastic materials, and the material properties of 

each part are derived from the literature [14]. 

3. Results 

3.1 Stress distribution of the metatarsal bone 

The stress distribution of the 7 model metatarsals is shown in Figure 2. M1-M5 represent the first 
to the fifth metatarsal, respectively. The results showed that for the foot with and without osteotomy, 
the stress distribution of the second metatarsal bone was the most concentrated, and the maximum 
stress was concentrated on the second metatarsal bone. Compared with the postoperative foot, the 
stress of the second metatarsal bone of the foot without osteotomy was more concentrated. With the 
increase of lateral displacement distance, the stress distribution should not obviously change, and 
there is still the maximum stress concentration in the second metatarsal. It is worth noting that when 
the position of osteotomy is changed from distal 1/5 to 2/5, the stress distribution does not change. 
for the first metatarsal, the stress is mainly distributed in the middle and lower edge of the metatarsal 
bone. When the osteotomy position is distal 2/5, the stress of the first metatarsal bone is mainly 
distributed at both ends of the osteotomy plane, as shown in Figure 2. 

 

Figure 2. Stress distribution of the first to fifth metatarsal bones under different osteotomy 

methods 



  Qiaolin Zhang, Istv§n B²r· ï (ESB 2024) 

 

100 

 

3.2 Stress distribution of the metatarsophalangeal joint 

Figure 3 shows the maximum stress of the first metatarsophalangeal articular cartilage without 

osteotomy and with different osteotomy methods. It can be seen from the figure that the stress of 

articular cartilage is reduced under lateral 4mm osteotomy, especially at the distal 1/5 osteotomy 

position, compared with the articular cartilage without osteotomy, the stress is reduced by 28.6%. 

In the case of lateral 2mm and lateral 6mm, the stress of articular cartilage increased. The stress of 

articular cartilage in distal osteotomy was higher than that in the distal osteotomy. 

 

Figure 3. Stress value of the first metatarsophalangeal joint cartilage 

4. Discussion 

Finite element analysis showed that the maximum stress of the first metatarsal bone changed 

obviously with the change of the position of osteotomy. When osteotomy was performed at distal 

1/5, both lateral 2mm and lateral 4mm could reduce the maximum stress of the first metatarsal bone. 

The stress of the first metatarsal bone was higher than that of the unosteotomized metatarsal bone 

with other osteotomy methods, but the stress of the first metatarsal bone increased significantly, and 

the stability decreased when the osteotomy was performed at the distal 2/5 site. Chevron osteotomy 

is distal osteotomy, the incision is V-shaped, and the mechanical behavior of this shape prevents 

slippage; however, the V-shaped vertex of the osteotomy as a fulcrum is easy to lead to varus 

deformation and gap formation, on the other hand, compared with other osteotomy, because the 

stress is distributed along the surface of the single-plane osteotomy, sliding rather than gap formation 

occurs. Therefore, Chevron osteotomy is more anti-sliding, but it is also disadvantageous in the 

formation of a gap [15], and needs some stability to reduce the formation of the gap. The osteotomy 

line is located in the neck of the first metatarsal head and neck. Compared with the metatarsal shaft 

and base, the distance between the distal end of the osteotomy and the osteotomy line is smaller, the 

force arm is short, and the osteotomy surface is rough, which is more beneficial to increase its 

stability [16]. There is no need for internal fixation at the end of osteotomy in order to maintain 

postoperative recovery [17-19]. The stress at the end of the osteotomy is mainly related to the 

traction of the soft tissue and the friction of the broken end. From the stress analysis diagram of the 

first metatarsal bone, we can see that under the distal 2/5 osteotomy, the stress of the first metatarsal 

bone is mainly distributed at both ends of the osteotomy plane, and the distance between the distal 

end of the osteotomy and the osteotomy line is long, and the force arm is large, which makes the 

osteotomy end more unstable in the absence of internal fixation. the dorsal displacement of the 

osteotomy end occurs in the standing state, which is not conducive to promoting the healing of the 

broken end. 
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5. Conclusion  

The position of osteotomy did not affect the stress distribution of the first metatarsal bone, and 
the osteotomy at distal 1/5 had better stability than that at distal 2/5, and could better reduce the stress 
between the first metatarsophalangeal joint. When osteotomy is performed at distal 2/5, the stress is 
distributed on both sides of the osteotomy plane, which is not conducive to promoting the healing of 
the broken end. Distal osteotomy and lateral 4mm is the most suitable for patients with moderate 
hallux valgus with an HVA of 25.6Á and an IMA of 14.1Á. 
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Abstract 

Ensuring the functional safety of highly automated driving (HAD) systems introduces challenges 

that extend beyond the scope of existing standards. ISO26262, the leading framework for 

automotive electrical and electronic (E/E) systems, rests on assumptions of determinism, 

linearity, and modular fault containment. However, HAD systems inherently exhibit emergent 

phenomena, bifurcations, sensitivity to initial conditions, nonlinear dynamics, and temporal 

instability. These characteristics undermine the predictability and modular reasoning that 

ISO26262 depends on, rendering traditional safety analysis methods such as FMEA, FTA, and 

V&V insufficient. This study explores the fundamental limitations of ISO26262 when applied to 

nonlinear dynamic systems. By drawing on concepts from low-dimensional attractor analysis 

and chaos theory, it demonstrates how small perturbations, even in the absence of component 

failures, can lead to significant and unpredictable system-level risks. The findings highlight an 

urgent need to rethink safety frameworks to better address the dynamic and emergent behavior 

of HAD systems. 

Keywords: functional safety, ISO26262, highly automated driving, nonlinear systems 

 

1. Introduction  

Ensuring the functional safety of highly autonomous driving (HAD) systems has become 

apparent as a crucial concern as vehicle autonomy increases. The ISO26262 standard, which offers 

a thorough framework for recognizing, evaluating, and reducing functional safety risks in electrical 

and electronic (E/E) systems, is widely used by the automotive industry [1]. Nonetheless, the 

underlying assumptions upon which ISO26262 is based assume deterministic behavior, linearity, 

and modularity of the system [2]. The intricate, adaptive, and frequently chaotic dynamics that 

define highly automated driving systems defy these presumptions [3]. 

Because of feedback-driven decision-making, multi-sensor fusion, and real-time environmental 

interactions, nonlinear behavior is characteristic of HAD systems [4]. These systems may exhibit 

emergent behaviors that cannot be linked to failures of individual components and are sensitive to 

beginning conditions [5]. Such dynamics are complicated for traditional hazard analysis techniques 

like FMEA (Failure Mode and Effects Analysis), FARA (Hazard Analysis and Risk Assessment), 

and FTA (Fault Tree Analysis), which are essential to ISO26262 Parts 3, 4, and 9. They rely on 
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cause-and-effect relationships and make the assumption that the architecture of the system can 

anticipate and contain safety-critical faults [6], [7], [8]. 

Moreover, the supporting procedures of ISO26262 (Part 8) impose further limitations. 

Verification and validation (V&V) activities assume the ability to specify expected system behavior 

under all operating conditions [5], [9]. This assumption is contradicted by nonlinear systems, where 

even minor adjustments can result in wildly divergent outcomes. Because previous successful 

performance under stable conditions does not imply safety in dynamic or uncommon event 

situations, the òproven-in-useò of the standard defense is also undermined. Even tool qualifying 

procedures are ineffective when applied to models that attempt to simulate chaotic scenarios [2]. 

The constraints of existing methods for assessing the reliability of HAD systems are investigated 

in this study, with an emphasis on the suitability of ISO26262 for nonlinear dynamics. Low-

dimensional attractors and chaos theory concepts are utilized to better comprehend the complex, 

emergent behaviors found in these systems, behaviors that current functional safety requirements 

are not well-suited to handle, rather than to suggest a completely new safety framework. In this 

paper, we contend that the ability of ISO26262 to handle the safety issues of nonlinear systems is 

fundamentally constrained. There is an urgent need to identify the shortcomings of conventional 

safety frameworks and to critically reevaluate the definition, testing, and assurance of functional 

safety as the automobile industry moves toward more autonomous vehicles [2], [3], [5]. 

2. Functional Safety Overview 

Functional safety in the automotive industry refers to the absence of unnecessary risk resulting 

from hazards caused by malfunctioning electrical and electronic (E/E) systems [1]. Road vehicle 

functional safety is governed by ISO26262, which is considered a global standard. It provides a 

framework for managing safety-related risks at every phase of the life cycle of an automotive system, 

from design to decommissioning [10]. 

The standard is founded on a top-down, risk-based paradigm. The process begins with the 

Hazard Analysis and Risk Assessment (HARA) in Part 3, which determines potential risks and 

allocates Automobile Safety Integrity Levels (ASILs) based on severity, controllability, and 

exposure [11]. Higher ASILs necessitate stricter safety precautions [6]. Following HARA, system-

level development is covered in Part 4, where safety objectives are divided into functional and 

technical safety criteria and dispersed among system components [7]. 

The phases of hardware and software development are covered in Parts 5 and 6, focusing on 

traceability, modularity, and adherence to established safety standards [12], [13]. Throughout the 

development process, verification and validation (V&V) procedures are used to ensure that all 

components of the system work as intended and that the system as a whole satisfies its safety goals 

[9], [10]. 

Safety analyses like Fault Tree Analysis (FTA) and Failure Mode and Effects Analysis (FMEA) 

are covered in Part 9. These methods use fault propagation models and causal chains to pinpoint 

critical failure points and assess how errors could jeopardize safety objectives [8]. 

Tool qualification, change management, configuration management, and proven-in-use 

arguments are examples of supporting procedures in Part 8. These govern design evolution, 

guarantee tool safety, and permit reuse of previously verified components based on performance 

data from the past [9]. 

Although ISO26262 offers a comprehensive framework for controlling functional safety in 

traditional automotive systems, it is mainly based on the assumptions of component-level fault 

isolation, linearity, and predictability. These assumptions do not apply to nonlinear systems, 

particularly those dominated by chaotic dynamics, as the following section will demonstrate. In 
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these systems, minor perturbations can result in substantial behavioral alterations at the system level 

that are difficult to predict or evaluate using ISO26262 approaches. 

3. Nonlinear Dynamics in Automated Driving 

Environmental conditions for highly autonomous driving (HAD) systems are dynamic, 

uncertain, and frequently unstable. A characteristic of complex systems, HAD systems usually 

display nonlinear dynamics, unlike conventional automotive systems that can be represented using 

linear equations and deterministic reactions. The formation of attractors and bifurcations in system 

behavior, nonlinear feedback loops, and sensitivity to beginning circumstances are some 

manifestations of these [4], [14]. 

A system that does not have a direct proportionality between its input and output is said to be 

nonlinear. In these kinds of systems, minor adjustments to the input or starting circumstances can 

have radically different results; this is commonly known as the òbutterfly effect.ò As Trogatz 

explains, if Lorenz started his simulations from two slightly different initial conditions, the resulting 

behaviors would be totally different [15]. It is very challenging to forecast future system states using 

deterministic simulations or conventional linear models because of this sensitivity. Bifurcations, or 

abrupt shifts in system behavior brought on by slow parameter changes, also make stability analysis 

and safety validation more difficult [16]. 

 

Figure 1. Challenging nonlinear features in HAD applications based on [2], [4], and [17]  

Specifically, we employ low-dimensional attractor reconstruction, a method from chaos theory, 

to analyze these phenomena. We can determine the fundamental structure of the behavior of the 

system, whether it is chaotic, periodic, or stable, by simulating its dynamics in a reduced-

dimensional phase space. These characteristics enable us to describe the system based on the overall 

change in its state over time rather than on specific flaws. 

This viewpoint highlights a key drawback in the use of ISO 26262: its incapacity to identify or 

measure dependability in systems where faults are emergent characteristics resulting from the 

internal dynamics of the system rather than isolated malfunctions. The traditional presumptions of 
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traceability, modularity, and predictability that support contemporary functional safety approaches 

are called into question by such behavior. 

4. Why Functional Safety Fails Here 

The foundation of ISO26262 is the idea that system behavior is traceable, quantifiable, and 

predictable. By spotting possible flaws, evaluating their risk, and putting mitigation plans based on 

predictable results into action, safety is guaranteed in this situation. However, in nonlinear systems, 

like highly automated driving, where minor deviations can have disproportionately enormous and 

unforeseen repercussions, this linear and modular approach proves to be fundamentally insufficient. 

Under these circumstances, several provisions of ISO26262 become problematic: 

4.1 Sensitivity to Initial Conditions 

Nonlinear systems, particularly chaotic processes, are extremely sensitive to early conditions, 

which means even slight variations in initial states can result in wildly disparate system behaviors. 

This characteristic explicitly contradicts the predictability assumption incorporated into ISO26262. 

For example, according to ISO26262-3:2018 (Clause 6.4.3), dangers must be categorized 

according to their severity, exposure, and controllability ð that is, if the impact of a hazard can be 

reliably foreseen [6]. Similarly, repeatable test results are assumed by software unit and integration 

tests (ISO26262-6:2018, Clauses 9.4 and 10.4) [13]. 

However, in chaotic systems, this assumption collapses. Tiny deviations in system state or 

environmental inputs can lead to fundamentally different operational trajectories, even when starting 

from nearly identical initial conditions [15, 16]. As a consequence, deterministic testing and 

verification strategies are not sufficient to ensure comprehensive safety. 

Additionally, tools must generate consistent outputs in accordance with Clause 11.4.5 in Part 8 

(Tool Qualification) [9]. In contrast, in a nonlinear dynamic context, even minor arithmetic rounding 

errors during computation can cause significant divergences in system behavior over time [15, 16]. 

This renders model-based simulations and verification procedures highly unreliable for certifying 

the safety of systems dominated by chaotic dynamics, highlighting a critical gap in current functional 

safety standards. 

4.2 Emergent Behavior 

Emergent behavior occurs in nonlinear systems, particularly those that involve feedback and 

adaptation. That means the overall system displays traits or results that cannot be attributed to any 

one component; instead, these behaviors are the consequence of interactions between components, 

internal states, and environmental inputs, producing frequent, unexpected, and challenging 

outcomes using conventional safety engineering techniques [5]. 

This presents a significant obstacle for ISO26262, which is based on the concepts of fault 

containment and modular decomposition. A good illustration can be Clause 6.4.1 of ISO26262-

4:2018, which specifies that technical safety criteria must be assigned to specific system 

components. This method makes the assumption that the system will be safe overall if every module 

satisfies its safety requirements [7]. 

Nevertheless, even when each component precisely complies with its designated safety 

standards when operating in isolation, the complex interactions among components in emergent 

dynamic systems might result in harmful behaviors at the system level. These undesirable behaviors 

result from the unforeseen ways that components affect one another in dynamic, real-world 

situations rather than from the failure of a single module. The system may enter dangerous states 
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that were not anticipated during modular verification or identified by component-level validation 

alone due to a combination of small timing errors, feedback loops, or environmental triggers that are 

harmless at the component level. Therefore, in the presence of nonlinear emergent events, the 

modular decomposition approach stated by ISO26262 is no longer sufficient to ensure overall 

system safety [5]. 

Comparably, Clause 6.4.4.4 of Part 4 mandates that the system design be analyzed using 

methods such as FMEA and FTA. These techniques are predicated on the idea that failures have a 

known root cause and spread linearly and traceably [7]. This restriction also applies to Part 3, namely 

the Concept Phase. Clause 6.4.2.2 of ISO26262-3:2018 specifies dangers regarding the 

malfunctioning behavior of the items, suggesting a clear correlation between system hazard and 

component failure [6]. Nonetheless, in reality of nonlinearity, emergent risks could arise without 

any component failure at all, rendering them undetectable to the analysis framework of the standard. 

The idea that isolated components may be validated to ensure safety is simply not valid in 

emergent behavior-governed systems. Rather, the entire system needs to be examined, including the 

erratic interactions and nonlinear feedback loops that only show up when the system is fully 

integrated or operating. 

4.3 Bifurcations and Sudden Behavioral Shifts 

Bifurcations, which are sudden and frequently dramatic changes in system behavior brought on 

by tiny, continuous alterations in input or internal parameters, are one of the characteristics that 

distinguish nonlinear systems [15]. Such bifurcations may result in sudden changes in operational 

modes, decision rules, or stability regimes when driving in a highly automated environment [18]. 

Faults are not always the cause of these immediate shifts. For example, the automatic system 

may transition from a standard lane-following mode to a defensive or emergency maneuver if any 

slight alteration is experienced in the estimated trajectory of a close vehicle. An abrupt fallback 

behavior, such as an emergency stop, might also result from a little delay in data fusion or a modest 

decline in sensor confidence. In each instance, bifurcation is characterized by a significant change 

in behavior while the system maintains its functionality [4]. 

ISO26262 fails to handle such a type of behavior. The foundation of the standard is the idea that 

system degradation occurs in a traceable and gentle manner with well-defined safe states and 

transitions. Clause 6.4.4.2 of ISO26262-4:2018, for example, highlights the necessity of defining 

safe states and the transitions between them [7]. However, the change from one behavior to another 

is not always linear or predictable in systems that are prone to bifurcation. It is possible for a system 

to switch between operating regimes, and established fault models or safety objectives are not able 

to address these transitions [19]. 

Additionally, software integration testing is covered in ISO26262-6:2018, Clause 10.4, which 

states the assumption that interactions between software units may be confirmed under known and 

controlled circumstances [13]. However, bifurcations frequently only happen when several 

subsystems engage in dynamic, real-time interaction. These transitions may be entirely missed in 

testing conducted under nominal or static settings [15, 18]. 

In addition, the idea of backup techniques as outlined in ISO26262 is compromised by 

bifurcation occurrences. According to the standard, fallback measures must be planned, intentional 

reactions to known flaws or dangers [7]. The fallback option may be unnecessary or dangerous in a 

nonlinear system, though, as a bifurcation could lead the system to enter a state that was never 

experienced during design or testing [15, 18]. 
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4.4 Temporal and Rate Instability 

In addition to exhibiting unexpected state changes, nonlinear systems can show unpredictable 

rates of change. The alteration of speed and timing of transitions between behaviors might not be 

anticipated either, so it is not just the end behavior of the system that becomes unknown. Even in 

the absence of external defects or component failures, phenomena like abrupt lane changes, rapid 

accelerations, rapid decelerations, or rapid loss of control can happen. The intrinsic nonlinear 

dynamics of the system and its sensitivity to minor perturbations lead directly to these erratic timing 

patterns [5, 20]. 

ISO26262-4:2018 (Clause 6.4.4.2) emphasizes the notion of safe states, where the timing 

constraints are also laid out for switching between operational modes. It makes the assumption that 

these changes take place within predictable time frames. As a result, it becomes possible to create 

safe backup plans like safe shutdowns or controlled emergency brakes [7]. These presumptions can 

be readily broken in highly automated driving (HAD) systems with chaotic and nonlinear dynamics. 

The system may progress toward a hazardous state more quickly than the safety measures were 

intended to handle due to slight actuation delays, sensing mistakes, or external disturbances [21, 22]. 

According to Strogatz (1994), nonlinear systems frequently show fast-slow alternations, in 

which abrupt regime transitions can result from comparatively minor parameter changes, rendering 

temporal evolution extremely non-uniform. A delay of even a single fraction of a second can cause 

a chaotic system to surpass a critical threshold, from which recovery becomes either exceedingly 

challenging or impossible. The reason is that the event happens too rapidly or unexpectedly, safety 

features that rely on preset reaction timings, like time-to-collision estimates, evasive maneuvers, or 

system degradations, might not react effectively in this situation [15]. 

Thus, temporal and rate instability present a fundamental challenge to the ISO26262 

architecture. The assumption that system behaviors can be planned and validated with respect to 

predictable timing collapses in the face of nonlinear dynamics. This not only jeopardizes the 

effectiveness of hazard identification and risk mitigation strategies but also calls for new frameworks 

that can account for variable rates of change and emergent temporal patterns in HAD systems. 

4.5 Summary of ISO26262 Limitations in Nonlinear Contexts 

A comprehensive review of the structural assumptions included in specific ISO26262 clauses is 

given in Table 1, which also shows how these assumptions fail when they are applied to dynamic, 

nonlinear systems like highly automated driving. The analogy draws attention to the fundamental 

discrepancy between emergent, unexpected behavior found in nonlinear systems and deterministic 

safety logic. 
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Table 1. Limitations of ISO26262 Clauses in Nonlinear Systems 

ISO26262 Clause  Purpose / Assumption  Why It Fails in Nonlinear Systems 

Part 3 ï 6.4.3  
Classify hazards by severity, 

exposure, and controllability 

Assumes hazard effects can be foreseen, 

but small perturbations lead to 

unpredictable outcomes (chaos). 

Part 4 ï 6.4.1  

Assign technical safety 

requirements to system 

components 

Assumes modular decomposition, but 

emergent behavior arises from component 

interactions. 

Part 4 ï 6.4.4.2  
Define safe states and their 

timed transitions 

Assumes transitions occur within a 

predictable time, but rate instability 

breaks timing assumptions. 

Part 4 ï 6.4.4.4  
Require system analysis 

using FMEA and FTA 

Assumes linear fault propagation, but 

nonlinear systems fail without 

component-level faults. 

Part 6 ï 9.4, 10.4  

Ensure deterministic 

software unit and integration 

testing 

Assumes repeatable results, but system 

state diverges under identical inputs due 

to sensitivity to initial conditions. 

Part 8 ï 11.4.5  
Require tool qualification for 

consistent output 

Assumes model-based tools are stable, 

but minor numerical errors lead to 

divergent behavior in chaotic models. 

Part 9 ï Safety 

Analysis  

Identify and mitigate fault 

propagation via FTA/FMEA 

Based on cause-effect chains, nonlinear 

interactions bypass these fault pathways. 

 

5. Summary 

The structural limits of ISO 26262 as they relate to highly automated driving (HAD) systems 

with nonlinear dynamics were investigated in this study. Although ISO26262 offers a strict safety 

framework for traditional automotive systems, it is predicated on the ideas of modular fault 

containment, linear behavior, and determinism. These presumptions become problematic in 

nonlinear systems, when characteristics including temporal instability, bifurcations, emergent 

dynamics, and sensitivity to initial conditions compromise component-level safety assurances and 

predictability. 

The study demonstrated how conventional methods like fault tree analysis (FTA), failure mode 

and effects analysis (FMEA), and deterministic software validation become unreliable when faced 

with chaotic interactions and system-level transitions that are impossible to capture through linear 

decomposition by analyzing particular clauses and safety procedures within ISO26262. 

The findings underscore the urgent need to re-evaluate existing functional safety standards in 

light of the dynamic nature of HAD systems. Future safety frameworks must incorporate principles 

from chaos theory and nonlinear systems analysis to better account for emergent risks and 

unpredictable behavior that arise not from failures, but from complexity itself. 
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6. Future Work  

The creation of supplementary safety evaluation techniques that go beyond linear cause-effect 

reasoning will be necessary to address the shortcomings of ISO26262 in the setting of nonlinear 

systems. Future studies should investigate how nonlinear dynamics tools like bifurcation theory and 

low-dimensional attractor analysis may be included in safety assurance pipelines. The detection of 

emergent dangers, latent instability, and erratic changes in system behavior may be aided by these 

tools. 

Another interesting option is developing simulation and verification environments that 

explicitly mimic chaotic interactions and sensitivity to initial conditions. Beyond the presumptions 

of finite fault propagation, such platforms would enable safety engineers to examine system behavior 

across various dynamic inputs and failure scenarios. 

Collaboration across disciplines will also be crucial. Both system design and the development 

of safety standards require consideration of insights from real-time systems engineering, complexity 

science, and control theory. The development of next-generation safety frameworks that are more 

suited to handle the dynamic reality of fully automated driving will be aided by this change. 

 

Acknowledgments 

Supported by the 2024-2.1.1 University Research Scholarship Program of the Ministry for 

Culture and Innovation from the Source of the National Research, Development and Innovation 

Fund. 

7. References  

[1] International Organization for Standardization, ñISO 26262-1:2018 ï Road Vehicles ï Functional 

Safety ï Part 1: Vocabulary,ò 2018, ISO Standard. [Online]. Available: 

https://www.iso.org/standard/68383.html  

[2] Burton, S., Gauerhof, L., & Heinzemann, C. (2017). Making the case for safety of machine learning 

in highly automated driving. In Computer Safety, Reliability, and Security: SAFECOMP 2017 

Workshops, ASSURE, DECSoS, SASSUR, TELERISE, and TIPS, Trento, Italy, September 12, 

2017, Proceedings 36 (pp. 5-16). Springer International Publishing.  

[3] Rajkumar, R., Lee, I., Sha, L., & Stankovic, J. (2010, June). Cyber-physical systems: the next 

computing revolution. In Proceedings of the 47th Design Automation Conference (pp. 731-736). 

https://doi.org/10.1145/1837274.1837461  

[4] Paden, B., Ļ§p, M., Yong, S. Z., Yershov, D., & Frazzoli, E. (2016). A survey of motion planning 
and control techniques for self-driving urban vehicles. IEEE Transactions on intelligent vehicles, 

1(1), 33-55. 

https://doi.org/10.1109/TIV.2016.2578706  

[5] Leveson, N. G. (2016). Engineering a safer world: Systems thinking applied to safety (p. 560). The 

MIT Press. 

[6] International Organization for Standardization, ñISO 26262-3:2018 ï Road Vehicles ï Functional 

Safety ï Part 3: Concept Phase,ò 2018, iSO Standard. [Online]. Available: 

https://www.iso.org/standard/68385.html  

[7] International Organization for Standardization, ñISO 26262-4:2018 ï Road Vehicles ï Functional 

Safety ï Part 4: Product Development at the System Level,ò 2018, iSO Standard. [Online]. Available: 

https://www.iso.org/standard/68386.html  

https://www.iso.org/standard/68383.html
https://doi.org/10.1145/1837274.1837461
https://doi.org/10.1109/TIV.2016.2578706
https://www.iso.org/standard/68385.html
https://www.iso.org/standard/68386.html


 Samir Rasulov, P®ter Bakucz, Judit Luk§cs ï (ESB 2024) 

 

111 

 

[8] International Organization for Standardization, ñISO 26262-9:2018 ï Road Vehicles ï Functional 

Safety ï Part 9: ASIL-Oriented and Safety-Oriented Analysis,ò 2018, ISO Standard. [Online]. 

Available: https://www.iso.org/standard/68391.html  

[9] International Organization for Standardization, ñISO 26262-8:2018 ï Road Vehicles ï Functional 

Safety ï Part 8: Supporting Processes,ò 2018, ISO Standard. [Online]. Available: 

https://www.iso.org/standard/68390.html  

[10] Macher, G., Hºller, A., Sporer, H., Armengaud, E., & Kreiner, C. (2015). A combined safety-hazards 

and security-threat analysis method for automotive systems. In Computer Safety, Reliability, and 

Security: SAFECOMP 2015 Workshops, ASSURE, DECSoS. ISSE, ReSA4CI, and SASSUR, Delft, 

The Netherlands, September 22, 2015, Proceedings 34 (pp. 237-250). Springer International 

Publishing. 

https://doi.org/10.1007/978-3-319-24249-1_21  

[11] Khastgir, S., Birrell, S., Dhadyalla, G., Sivencrona, H., & Jennings, P. (2017). Towards increased 

reliability by objectification of Hazard Analysis and Risk Assessment (HARA) of automated 

automotive systems. Safety Science, 99, 166-177. 

https://doi.org/10.1016/j.ssci.2017.03.024  

[12] International Organization for Standardization, ñISO 26262-5:2018 ï Road Vehicles ï Functional 

Safety ï Part 5: Product Development at the Hardware Level,ò 2018, ISO Standard. [Online]. 

Available: https://www.iso.org/standard/68387.html  

[13] International Organization for Standardization, ñISO 26262-6:2018 ï Road Vehicles ï Functional 

Safety ï Part 6: Product Development at the Software Level,ò 2018, ISO Standard. [Online]. 

Available: https://www.iso.org/standard/68388.html  

[14] Defoort, M., Floquet, T., Kokosy, A., & Perruquetti, W. (2008). Sliding-mode formation control for 

cooperative autonomous mobile robots. IEEE Transactions on Industrial Electronics, 55(11), 3944-

3953. 

https://doi.org/10.1109/TIE.2008.2002717  

[15] Strogatz, S. H. (2024). Nonlinear dynamics and chaos: with applications to physics, biology, 

chemistry, and engineering. Chapman and Hall/CRC. 

[16] Abarbanel, H. D., Brown, R., Sidorowich, J. J., & Tsimring, L. S. (1993). The analysis of observed 

chaotic data in physical systems. Reviews of modern physics, 65(4), 1331. 

https://doi.org/10.1103/RevModPhys.65.1331  

[17] Rhinehart, N., McAllister, R., Kitani, K., & Levine, S. (2019). Precog: Prediction conditioned on 

goals in visual multi-agent settings. In Proceedings of the IEEE/CVF international conference on 

computer vision (pp. 2821-2830). 

[18] Ott, E., Chaos in Dynamical Systems, 2nd ed. Cambridge, UK: Cambridge University Press, 2002. 

[19] Koopman, P., & Wagner, M. (2017). Autonomous vehicle safety: An interdisciplinary challenge. 

IEEE Intelligent Transportation Systems Magazine, 9(1), 90-96.  

https://doi.org/10.1109/MITS.2016.2583491  

[20] Slotine, J. J. E., & Li, W. (1991). Applied nonlinear control (Vol. 199, No. 1, p. 705). Englewood 

Cliffs, NJ: Prentice hall. 

[21] Khalil, H. K., & Grizzle, J. W. (2002). Nonlinear systems (Vol. 3). Upper Saddle River, NJ: Prentice 

hall. 

[22] Thrun, S. (2002). Probabilistic robotics. Communications of the ACM, 45(3), 52-57. 

https://doi.org/10.1145/504729.504754  

https://www.iso.org/standard/68391.html
https://www.iso.org/standard/68390.html
https://doi.org/10.1007/978-3-319-24249-1_21
https://doi.org/10.1016/j.ssci.2017.03.024
https://www.iso.org/standard/68387.html
https://www.iso.org/standard/68388.html
https://doi.org/10.1109/TIE.2008.2002717
https://doi.org/10.1103/RevModPhys.65.1331
https://doi.org/10.1109/MITS.2016.2583491
https://doi.org/10.1145/504729.504754


 

112 

 

 

M®rnºki Szimp·zium a B§nkiban 

(ESB 2024) 

 
 

Microstructural Investigation of Dual -Phase 

Boride/Carbide High-Entropy Ceramics 
1Sara Ines Moussaoui, 2Annam§ria Naughton Duszov§, 

2Monika Hrubovļ§kov§, 2Marek Vojtko, 
3,4Mark Windisch, 5P®ter Pinke, 2,5J§nos Dusza 

1 Obuda University, Doctoral School on Materials Sciences and Technologies, Budapest, Hungary 
2 Institute of Materials Research, Slovak Academy of Sciences, Koġice, Slovakia  
3 Bay Zolt§n Nonprofit Ltd. for Applied Research, Budapest, Hungary 

4 Department of Materials Physics, Eºtvºs Lor§nd University, Budapest, Hungary  
5 Obuda University, B§nki Don§t Faculty of Mechanical and Safety Engineering, Budapest, 

Hungary 

Abstract 

Reactive sintered (Ti-Zr-Nb-Ta-Hf)B2 - (Ti-Zr-Nb-Ta-Hf)C dual-phase, high-entropy ceramics 

were prepared via a two-step spark plasma sintering (SPS) process at a maximum temperature of 

2100ÁC, with a sintering time of 5 minutes at an applied pressure of 70 MPa. Microstructure 

analyses revealed no structural defects in the form of large pores, microcracks, or large grain 

clusters. The composite shows high relative density (~ 99%), and relatively homogeneous 

microstructure with average grain sizes of the boride and carbide phases 3 ɛm and 2 ɛm, 

respectively, with a negligible oxide content (HfO2/ZrO2 < 1wt%). It was found that Ti, Zr, and 

Nb elements are predominantly enriched in the boride phase, whereas Ta and Hf are concentrated 

more in the carbide phase.  

Keywords: ceramic materials, dual-phase boride/carbide, high-entropy ceramics 

 

1. Introduction  

High-entropy ultra-high temperature ceramics (HE-UHTCs) represent a rapidly evolving class 

of materials designed to withstand extreme environments, offering exceptional mechanical, thermal, 

and tribological properties. These materials have garnered significant attention for applications in 

aerospace, hypersonic vehicles, and other high-temperature industrial settings. Recent research 

efforts have focused on innovative synthesis techniques, microstructural evolution, and the 

mechanical properties of these ceramics to optimize their performance [1-3].   

A very promising group of these advanced ceramics developed as potential systems for ultrahigh 

temperature applications is the so-called dual-phase high-entropy ultra-high temperature ceramics 

(DPHE-UHTCs) [4-14]. 

Different processing routes have been applied for the preparation of DPHE-UHTCs:              

Å Reactive sintering of a mixture of boride and carbide powders applying spark plasma sintering 

(SPS) or hot pressing (HP) [4,5];  

Å Co-synthesis - boro-carbothermal reduction of the powder mixture of commercial oxides, 

carbon, and boron carbide to produce a mixture of high entropy boride (HEB) and high entropy 

carbide (HEC) powders, which is further spark plasma sintered [6,7]; 

Å Sequential synthesis - carbothermal reduction of oxides and carbon to produce the high-
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entropy carbide powders, which are mixed with boron carbide and zirconium hydride, followed by 

a reaction to produce a high-entropy boride phase by consuming part of the carbide phase [8]. 

The method applied for the first time by Qin et al. [4] for the preparation of DPHE-UHTCs is 

the reactive sintering of individual commercially available carbide and boride powders. In this work, 

they processed and published DPHE-UHTCs from commercial boride and carbide powders utilizing 

high-energy ball milling followed by SPS, achieving relative densities higher than 99 %, consisting 

of a hexagonal HEB and a cubic HEC phase. The hardness of the prepared DPHE-UHTCs was 

higher than the weighted linear average of the two single-phase high-entropy UHTCs, which are 

already harder than the RoM averages of the individual binary carbides and borides.  

Applying co-synthesis, Luo et al. [6] synthesized single-phase HEB and HEC powders together 

with dual-phase high-entropy powders via a simple one-step boro/carbothermal reduction at 1650 

oC. Based on these powders, a series of high-density, homogeneously distributed dual-phase high-

entropy ceramics were produced by SPS at 2000 ÁC with average grain size ranging from 0.5 to 1.5 

ɛm and high Vickers hardness and fracture toughness with values 24.2 Ñ 0.3 GPa and 3.19 Ñ 0.24 

MPaĿm1/2, respectively.  

Fine-grained dual-phase high-entropy ceramic was synthesized using a sequential 

boro/carbothermal process by Smith et al. [8]. Solid solution formation occurred at the densification 

temperature of 1900 ÁC, resulting in a relative density higher than 99 %. The Vickers hardness of 

the system was 26.5 Ñ 1.4 GPa at a load of 2 N. 

The most recent published contributions in this field focus on processing routes, theoretical 

predictions, and characterization/testing of the systems applying advanced methods as high-

resolution transmission electron microscopy (HRTEM), nanoindentation, microcantilever test, 

tribological methods, etc. [9-14]. 

The aim of the present investigation was to study the microstructure characteristics of recently 

developed reactive sintered (Ti-Zr-Nb-Ta-Hf)B2 - (Ti-Zr-Nb-Ta-Hf)C dual-phase, high-entropy 

ceramics. 

2. Experimental procedure 

Commercially available powders (Alfa Aesar) were used with molar ratios of 2TaC:2HfC: ZrC: 

ZrB2: 2NbB2: 2TiB2 in order to achieve the target composition of a 50 mol.% (TaHf-Zr-Nb-Ti)C -    

50 mol.% (Ta-Hf-Zr-Nb-Ti)B2 dual-phase high-entropy ceramics.  

  

Figure 1. Schematic illustration of the processing route for the preparation of the composite 
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The raw powders were mixed and milled in a planetary ball mill; the homogenized powder was 

sintered in a Spark Plasma Sintering (SPS) device (FCT HP D10-SD) at a temperature of 2100ÁC, 

pressure of 70 MPa, and sintering time of 5 min (Figure 1). 

The density of the sintered samples was determined by Archimedesô method in distilled water 

as an immersion medium. Specimens for microstructure examination were prepared by routine 

ceramographic procedure; they were cut, ground, and polished down to a 1 ɛm size polishing 

suspension. The crystalline phase composition of the sintered sample was determined by X-ray 

diffractometry (XRD) using a Philips XôPertPro device (Cu KŬ radiation). The microstructure 

characteristics and elemental composition of the sintered sample were determined by scanning 

electron microscopy (FIB-SEM ZEISS AURIGA Compact) equipped with an energy dispersive X-

ray spectroscopy (EDS) detector. Microstructural characteristics, phase distribution, and porosity 

were also examined using scanning electron microscopy (SEM) (JEOL JSM-60LV). Electron 

backscatter diffraction (EBSD) maps provided insights into grain orientation and texture. 

The grain size was determined by the line intercept method, counting the number of grain 

boundaries intercepting the line of a known length drawn on an SEM image of the sample. In total, 

100 grains were counted for the analyses. 

3. Results and discussion 

XRD results of the investigated (Ta-Hf-Zr-Nb-Ti)C-(Ta-Hf-Zr-Nb-Ti)B  composite ceramics, 

confirming the successful formation of a dual-phase high-entropy ceramic with negligible oxide 

content (HfO /ZrO  < 1 wt%). The carbide and boride phases, denoted as HEC and HEB, 

respectively, exhibit lattice parameters of a = 4.5246(7) ¡ for the cubic carbide (Fm-3m) and a = 

3.0974(6) ¡, c = 3.3643(8) ¡ for the hexagonal boride (P6/mmm), as determined by Rietveld 

refinement.  

The characteristic microstructure of the sintered dual-phase material at different magnifications 

is illustrated in Figure 2. According to the results of the microstructure analyses, both the carbide 

(light grey) and boride grains (dark grey) are relatively homogenously distributed with only a small 

amount of porosity, resulting in a relative density of 99%. The grain size varies between 1 ɛm and 

8 ɛm, with a slightly lower average size for carbides (~2 ɛm) than for borides (~3 ɛm), forming 

small clusters of grains. Very small pores were detected at the grain boundaries with a size of 

approximately 100 nm.  

 

Figure 2. Characteristic microstructures of the investigated                                                                         

dual-phase boride/carbide composite at low (a) and high (b) magnifications 
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The EBSD analysis further proved the presence of separate hexagonal HEB and cubic HEC 

phases (Figure 3a) with an inverse pole figure (IPF) map (Figure 3b) revealing equiaxed grains with 

random crystallographic orientations, indicating a randomized texture. The EBSD analysis is very 

useful when the influence of the crystallographic orientation on the local mechanical properties is 

studied. 

 

Figure 3. (a) EBSD phase map of the distribution of HEC (blue) and HEB (red) phases         

(b) Inverse Pole Figure (IPF) map of random crystallographic                                                

orientations and equiaxed grains 

The grain sizes in the developed system (Figure 4) are similar to the grain sizes for the system 

published by Qin et al. [4] who reported a definite correlation between the grain sizes of the carbide 

and boride phases with the phase fraction and the lowest grain sizes approximately 7 ɛm with similar 

mol% of carbide/boride. In the systems, Luo et al. [6] reported significantly lower average grain 

sizes of 0.64 Ñ 0.2 ɛm for the boride and 1.5 Ñ 0.4 ɛm for the carbide in their dual-phase ceramic, 

processed using different processing routes. 

 

Figure 4. Grain size distributions in the investigated composite 

EDS analyses of the polished surface revealed (Figure 5)  that the elemental distribution of the 

component,  metallic elements, is not perfectly homogeneous. The carbide phase abounds in Hf and 

Ta, while Nb, Zr, and Ti segregate predominantly in the boride phase. In addition to the principal 

element W and O impurity elements are also detected, which is in agreement with the presence of a 

negligible amount of oxides confirmed by XRD. Tungsten was found mainly in the carbide phase 

rather than in boride grains, which were introduced most probably during ball milling using WC 
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balls. Oxygen was detected to form an oxide phase at the grain boundaries, mainly at triple junctions. 

As it is visible in Figure 5, the SEM+EDAX analyses for such a study are not ideal, detecting boride 

content in HEC and carbide content in HEB as the result of the large testing volume. 

 

 

Figure 5. EDX maps for individual elements in the HEC and HEB phases                                                        

of the investigated system 

The applied methods for microstructure study of the investigated system are very useful; 

however, for the study of the microstructure characteristics at the nano/atomic level, HRTEM is 

necessary, which will be used in the future. 

 

4. Conclusions 

The aim of the present investigation was to study the microstructure characteristics of recently 

developed reactive sintered (Ti-Zr-Nb-Ta-Hf)B2 - (Ti-Zr-Nb-Ta-Hf)C dual-phase, high-entropy 

ceramics. The main results are the following:  

Å Reactive sintered (Ti-Zr-Nb-Ta-Hf)B2 - (Ti-Zr-Nb-Ta-Hf)C dual-phase, high-entropy 

ceramics were prepared via a two-step spark plasma sintering (SPS) process at a maximum 

temperature of 2100ÁC, with a sintering time of 5 minutes at an applied pressure of 70 MPa; 

Å Microstructure analyses revealed no structural defects in the form of large pores, microcracks, 

or large grain clusters. The composite shows high relative density (~ 99%), and relatively 

homogeneous microstructure with average grain sizes of the boride and carbide phases 3 ɛm 

and 2 ɛm, respectively, with a negligible oxide content (HfO /ZrO  < 1 wt%).  

Å It was found that Ti, Zr, and Nb elements are predominantly enriched in the boride phase, 

whereas Ta and Hf are concentrated more in the carbide phase. 
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Abstract  

Nuclear power remains a key element of clean energy production, as it can generate continuous, 

low-carbon electricity while reducing dependence on fossil fuels. Its potential is particularly 

significant in Africa, where rapid urbanisation and growing energy demand require reliable 

energy sources. The deployment of nuclear power in Africa faces significant technical, financial, 

and infrastructural challenges. Public scepticism, high capital investment, and a lack of trained 

personnel continue to block its deployment. From a geopolitical point of view, nuclear energy 

development intersects with governance structures, as seen in North Africa, where political 

stability and transparency are key concerns. The case of Ghana highlights the economic trade-

offs between nuclear power and renewable alternatives such as solar power. Russia's nuclear 

export strategy illustrates both the opportunities and the risks of international nuclear 

cooperation. Despite technological advances, cost overruns and political instability remain a 

major threat to nuclear deployment. Addressing these challenges requires a comprehensive 

regulatory framework, public-private partnerships, and international cooperation to ensure the 

safe and sustainable deployment of nuclear energy. 

Keywords: nuclear energy, African nuclear sector, energy demand in Africa, African energy 

sector 

 

1. Introduction  

The main benefit of nuclear energy is a continuous, low-carbon source of energy that reduces 

dependence on fossil fuels. Nuclear reactors in operation produce no greenhouse gases, meaning 

theyôre a key tool in the fight against climate change. Nuclear energy can also be a game-changer in 

meeting the increasing energy demands in Africa, powered by rapid urbanization and population 

growth. In fact, rising energy demand on the continent is expected to grow by 60% by 2040. 

Moreover, nuclear energy is useful for sectors other than electricity generation, like agriculture, 

industry, medicine, etc. Nuclear power is also suited to technologies like seawater desalination and 

industrial heat production. Additional economic opportunities through nuclear energy could arise 

from regional collaborations and technology exports. Nonetheless, the introduction of nuclear 

energy to Africa is significantly challenged from both technical and cost perspectives. One single 

nuclear power plant of 1000 MW can cost between $1.5 billion and $8 billion, which is a difficult 

time for African countries that do not have adequate money. Another problem is the absence of an 

adequately trained workforce (nuclear engineers, technicians, researchers, etc.) and the technical 

capacity to adhere to the potential establishment of nuclear technology. And the new challenge is 

compounded by a lack of infrastructure ð overloaded electrical grids and poorly developed 

transportation systems. Another key hurdle is public skepticism of nuclear energy. The Chernobyl 

and Fukushima accidents, coupled with nuclear waste disposal concerns, diminish public acceptance 
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of nuclear technology [1]. It is important to win public appreciation for the benefits of nuclear energy 

through engaging communities impacted by the construction of nuclear power plants and awareness 

programs. 

2. Nuclear Expansion  

Advancing nuclear energy globally will require broad political and regulatory reforms. African 

countries must put in place sound laws and regulatory regimes, including safety and waste 

management standards, based on the milestone approach of the IAEA. Specialized education and 

training programs will be needed to develop human resources and technical capacity. Funding 

challenges are best addressed through models from public-private partnerships and buy-in from 

international financial institutions. Regular educational campaigns that focus on the benefits and 

safety of nuclear technology can also instill confidence in the public. Nuclear power provides a 

dependable, low-emission energy source that decreases reliance on fossil fuels. Its geopolitical 

implications, however, are especially relevant in North Africa [2], where political instability and 

nondemocracy exacerbate nuclear energy deployment risks. In contrast, the European Union and the 

United States believe that democracy and transparency should come with a nuclear energy package. 

The introduction of nuclear energy in rich states such as Algeria, Libya, and Egypt could therefore 

be seen as a means of cementing political power. From the fossil fuel crisis to the environmental 

impacts, addressing Ghanaian energy needs in an increasingly sustainable way has come into focus. 

It analyses the technological and economic feasibility of nuclear energy and solar energy in Ghana 

as an efficient long-term energy security approach. Plans for Ghana to use nuclear energy go back 

to the 1960s, but the idea is gaining serious consideration as a solution to the periodic energy crises 

of the country only in recent years. Construction of the proposed 1200 MW nuclear power plant was 

estimated to cost between $6 billion and $9 billion, and take up to 12 years. Nuclear energy has low 

carbon emissions and stable, high-volume energy production. Nonetheless, the implementation of 

nuclear power is costly in terms of initial investment, waste management, and, critically, safety 

regulations, placing a burden on the national budget of a country with a debt-to-GDP ratio above 

60%. 

3. The case study in Ghana 

For example, Ghana [3] is blessed with an average sunshine of 3,000 hours of sunlight per year. 

A 20 MW solar power plant costs just $8 million and can be finished in a few months. The relatively 

low upfront investment costs of solar energy and brief implementation timeline render it an attractive 

option for short- and medium-term energy security. The generation cost of solar energy is between 

5ï12 EUR/kWh, in contrast to an estimate for nuclear energy of 125 EUR/kWh. Solar energy 

systems provide more flexibility and can be deployed much faster than traditional energy sources of 

a smaller magnitude. Once the economic situation of the country settles, nuclear energy presents a 

long-term alternative. Financing models like public-private partnerships can also serve an important 

role in the implementation of both technologies. But the use of nuclear energy involves higher 

political and security risks that raise the stakes for its application. As global awareness of safety 

concerns grew after the 1986 disaster at the Chernobyl nuclear plant, Russiaôs nuclear industry 

generally retreated from the world stage. Restoring credibility and reviving the sector were 

formidable trials, but beginning in 2007, Russia, as the most prominent Russian nuclear actor, 

implemented sky-high goals.  
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4. Role of the Russian nuclear industry 

Russia has become a key player in the global nuclear export market thanks to the AES-2006 

reactor design and strong political support [4]. The main russian actor is a high-technology 

innovation-driven corporation. Originally intended for the European marketplace, AES-91 and 

AES-92 reactor models were later exported to China and India. The reactors included core catchers, 

greatly improving safety levels. A modernization, the AES-2006 is then equipped with more active 

and passive safety systems and an increase in power. Then came the VVER-TOI model, which has 

promised to be built quicker and cheaper, but whose practical performance has yet to be 

demonstrated. Domestically, the nuclear sector in Russia is hindered by a small internal market and 

a lack of funds. There have also been considerable delays and technical problems with AES-2006 

reactors in Russia that have cast doubt on the technology's reliability. Yet these experiences have 

yielded lessons that have benefited later export efforts. Russia has managed to secure new trade 

partners while maintaining its previous alliances. China and India have emerged as some of the 

biggest clients of Russia, but delays and cost overruns are still major hurdles. Emerging markets like 

Turkey, Bangladesh, and Vietnam hold great promise, but challenges remain. The "Build-Own-

Operate" model, from which the Akkuyu project in Turkey was based, has investment limitations. 

Vietnam canceled its nuclear program in the end, citing costs and safety concerns. The Russian 

success, however, seems strategic essentially because it allows low prices as well as the opportunity 

for financing [5]. Much of the financing has come from the Russian government, encouraging a 

number of countries to turn toward nuclear technology. But political risks or cost overruns are an 

ever-present threat to their success. Russiaôs nuclear export program illustrates one way a sidelined 

industry can reemerge in the world. Technological and safety innovations in AES-2006 and other 

reactors have allowed Russia to provide modern, competitive solutions. Yet, despite frequent delays, 

cost escalations, and challenges in new markets, the program has yet to realize its full potential. The 

fate of the Russian export strategy will depend on its ability to navigate technological and financial 

challenges successfully and to continue to expand its footprint in global markets. If their promises 

can be fulfilled, new-generation reactors like the VVER-TOI are crucial to a nuclear future.  

5. Nuclear challenges in North Africa 

North African countries such as Morocco, Algeria, Tunisia, Libya, and Egypt have seen a 

rapidly growing energy demand in the last few decades. This growth created multiple energy and 

political challenges related to energy supply diversification and sustainable resource integration. 

Regional leaders are assessing the importance of nuclear energy in the context of energy security 

and the import-export structure. [6] Several countries have found nuclear energy to be an attractive 

solution for enhancing energy security. North African interests have paid particular attention, as 

energy demands grow, fossil fuels get depleted, and alternative energy becomes imperative. 

However, the technical dependence is probably the greatest obstacle the adoption of nuclear 

technology faces. Middle Eastern and North African countries currently have neither the knowledge 

nor the capacity to independently develop nuclear energy. Thus, all aspects of the construction, 

maintenance, and fuel supply of nuclear power plants are completely dependent on imported 

technologies and foreign specialists. This increases costs and decreases energy independence. 

Constructing the associated nuclear infrastructure is a vastly expensive prospect, especially 

considering the dependency on imported know-how and the low energy costs of the region. A single 

reactor can cost billions of dollars, far beyond the budgetary means of most North African countries. 

The relatively small size of the regional energy systems also does not lend itself to the efficient 

integration of the output from large nuclear plants, making such investment fairly uneconomic. 

Another major challenge has to do with safety risks: managing radioactive waste and preventing 

nuclear accidents require effective regulatory and technical capacities that are not fully developed 
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in North Africa. Resistance from the public makes the adoption of nuclear energy all the more 

difficult. Past incidents ð Chernobyl and Fukushima, for instance ð have profoundly shaped public 

views, delaying acceptance of nuclear projects. The implementation of such strategies, which 

emphasize the benefits of nuclear energy, while also communicating safety information, at the same 

time, will be crucial to gaining public trust.  

6. Energy security and risks  

Strong interest in nuclear energy is still driven by several factors despite these challenges. 

Energy security is especially urgent, as countries such as Morocco and Tunisia depend on energy 

imports, exposing their economies to risks. The Exhaustion of fossil energy resources represents a 

significant challenge for Egypt, Algeria, and Libya, and there is a need to replace them with new 

energy sources. Electricity demand in the region is rising at 4ï8% per year, which is above the global 

average, underlining the need for additional energy supplies. Moreover, there is increasing pressure 

for energy-intensive desalination technology, due to desertification and water scarcity. Energy 

shortages represent an annual loss of 2ï4% of GDP for African countries [7], and stable, reliable 

energy sources such as nuclear power could help reduce these losses. From a sustainability 

perspective, one of the biggest advantages of nuclear energy is that it produces almost no carbon 

emissions and significantly less damage to the environment, compared to fossil fuels. Africa possess 

a rich endowment of uranium resources, notably in Niger, Namibia and South Africa, giving it a 

local source to develop nuclear energy with a regard to diminish overreliance on foreign controls in 

fuelling the nuclear stream. In summary, the development of nuclear energy in North Africa is 

impeded by multiple factors: technological reliance, financial burden, concerns for safety, and public 

opposition. Still, the impetus to bolster energy security, meet sustainability targets, and capitalize 

on indigenous uranium deposits provides compelling motivation for its uptake. Nuclear energy is a 

potential long-term solution for energy challenges in the region, if countries are able to address 

comprehensive political and regulatory reforms and secure necessary technological and financial 

support through international cooperation. Societal acceptance will be critical for success, 

necessitating clear communication strategies and greater public participation to show how nuclear 

energy can be beneficial. All North African countries, with different progress, goals, and 

motivations, plan to use nuclear energy. Egypt plans to build four reactors by 2025 in a bid to meet 

the needs for 4 GW of power generation. The North African country also plans to develop its first 

reactor after 2020, and two more units every two years in order to increase its energy generation 

capacity. Morocco intends to deploy two reactors by the year 2030, with a collective capacity of 2 

GW, as it aims to decrease reliance on imported energy. Tunisia also expressed interest in 

constructing a smaller 900 MW reactor by 2020; however, the relevant small-scale electrical grid 

within the country presents compelling challenges to integrating such large-scale projects. Libya is 

in economically better condition, but does not feel itself to be under the same threat as Syria, and 

has the fossil fuel reserves to leave nuclear energy as a much lower priority. 

7. Conclusion 

The African energy transition is a massive challenge but also a transformative opportunity. The 

continent has abundant renewable energy resources, important critical minerals, and unexplored 

potential for nuclear energy. But the way towards a sustainable energy future is plagued with 

infrastructural deficits, financing constraints, governance challenges, and socio-economic 

inequalities. 
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Abstract 

The safety of atmospheric rocket launches is of paramount importance, as even the smallest 

oversight can lead to severe consequences. Historical experiences and technological 

advancements have fundamentally shaped safety protocols that encompass detailed preparations, 

automated monitoring systems, and robust emergency procedures. The future of the industry 

relies on the continuous enhancement of safety measures, fostering a culture of learning and 

sharing best practices. Minimizing the risks associated with atmospheric rocket launches 

necessitates collaboration among teams and a steadfast commitment to safety.  

Keywords: Atmospheric rocket launch, Safety protocols, Emergency procedures, Risk 

management  

 

1. Introduction  

Rocket launches have long been one of the most complex engineering challenges, where even 

the smallest oversight can have catastrophic consequences. Safety protocols developed over time 

are integral to minimizing the inherent risks involved in these launches. The main focus of this article 

is to explore the evolution and application of safety measures specifically for atmospheric rocket 

launches, emphasizing how early experiments, such as those in China with gunpowder-propelled 

devices, were conducted without safety considerations and resulted in unpredictable outcomes. By 

the 20th century, the contributions of pioneers like Konstantin Tsiolkovsky and Robert H. Goddard 

provided essential theoretical and practical insights, but comprehensive safety protocols were still 

lacking. The failures in early space race missions highlighted the critical need for structured risk 

management. This article addresses the ongoing challenge of maintaining rigorous safety standards 

amidst evolving technological and engineering advancements, proposing strategies to strengthen 

adherence to safety practices for the protection of human life and equipment. 

Safety in rocket launches serves multiple purposes. Primarily, it protects human lives, including 

those of the launch team and, in crewed missions, the astronauts. Secondly, it safeguards the often 

expensive and highly valuable equipment that comprises rockets and their payloads. A launch failure 

can result not only in financial losses but also in significant setbacks in research and development 

efforts. In atmospheric rocket launches, where rockets traverse lower altitudes compared to orbital 

launches, safety is still paramount due to the potential for high-speed debris, fires, and environmental 

impacts. The modern safety approach involves strict adherence to protocols that encompass 

thorough pre-launch inspections, carefully constructed checklists, and well-defined abort 

procedures. Each of these aspects plays a critical role in mitigating risks and ensuring that any 

mailto:ujhegyi.bence@stud.uni-obuda.hu
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potential hazards are managed efficiently. 

2. Challenges in Implementing Safety Procedures 

Implementing safety protocols for atmospheric rocket launches involves tackling numerous 

challenges that arise from both technical and human factors. 

2.1 Technical Challenges 

The complex nature of rockets, with their intricate propulsion, guidance, and structural systems, 

means that even minor technical issues can escalate into significant safety hazards. For instance, 

propulsion system failures, such as unexpected changes in thrust or fuel leaks, can lead to 

catastrophic consequences. Similarly, the guidance system must be precisely calibrated; even slight 

misalignments can result in deviations from the intended flight path, endangering both the mission 

and surrounding areas. Structural integrity also plays a vital role. Rocket bodies are subjected to 

immense stress during the launch, requiring detailed inspections to prevent weaknesses that could 

lead to in-flight disintegration. Ensuring technical reliability requires extensive testing of individual 

components and systems, redundancy in critical mechanisms, and real-time monitoring during 

launches. Yet, despite these precautions, technical failures remain a persistent challenge due to the 

sheer number of variables involved in each launch [1]. 

While technology can help automate many processes, human oversight is essential, and human 

error remains a significant risk factor. Misinterpretations, procedural lapses, or delayed reactions 

can compromise safety. For example, incorrect data interpretation or skipping checklist steps due to 

fatigue or time constraints can have severe repercussions. Training is therefore paramount [2]. 

Teams must be well-versed not only in the technical aspects of rocket launching but also in 

situational awareness and rapid decision-making. Regular simulation drills and comprehensive 

training programs help build familiarity with emergency procedures and improve response times 

during unexpected situations. 

A cornerstone of launch safety is the ability to halt the process swiftly and safely if necessary. 

Abort protocols are pre-planned sequences that outline when and how to cancel a launch. These 

protocols are triggered by various factors, such as sudden equipment malfunctions, changes in 

weather conditions, or unexpected anomalies in pre-launch diagnostics [1][3]. A robust abort system 

must be designed with precise criteria that dictate the ñgoò or ñno-goò decision points. Once an abort 

command is given, the launch team must be prepared to secure the rocket, manage any potential 

hazards (such as fuel venting), and initiate follow-up safety measures. Case studies from past 

launches demonstrate the importance of these protocols. For example, there have been instances 

where proper abort procedures prevented severe damage or casualties by stopping launches just 

before critical failures occurred. 

3. Comprehensive Safety Equipment and Pre-Launch Protocols 

Safety in atmospheric rocket launches hinges on a combination of robust equipment and 

meticulously structured pre-launch procedures. These measures form the backbone of successful 

and secure operations [4]. Preparing the launch site involves comprehensive assessments to ensure 

it is free from potential hazards. Safety zones are marked to establish a secure perimeter, protecting 

the crew and any observers. Fire suppression systems are essential, as fuel-related incidents can 

escalate rapidly. Additionally, the site should be equipped with emergency medical and response 

teams to handle any immediate safety issues. 

The equipment used in a rocket launch must undergo thorough inspections [5]. This includes 

avionics checks to confirm the proper functioning of communication and telemetry systems, 
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propulsion system evaluations to prevent fuel leaks or nozzle issues, and structural reviews to 

identify any weaknesses. Faulty or overlooked equipment can lead to serious incidents during the 

launch, so these checks are a crucial part of the pre-launch process. 

3.1 Checklist Systems 

Checklists are indispensable tools in maintaining high safety standards. They ensure that each 

step in the preparation and launch process is accounted for, helping to avoid human error. Checklists 

typically include items such as: 

ï Verifying ignition systems and ensuring backup igniters are functional. 

ï Securing payloads and confirming that all attachments meet safety standards. 

ï Confirming communication channels between ground control, safety officers, and launch 

operators. 

ï Conducting final weather checks to ensure conditions are within safe parameters. 

The use of checklists not only enforces a systematic approach but also provides a documented 

trail that can be reviewed if any issues arise. Detailed emergency protocols guide responses to 

potential malfunctions or unexpected developments during the countdown and launch sequence. 

Common emergency procedures include: 

ï Ignition failure handling: If the primary ignition system fails, a secondary ignition attempt 

may be initiated. If this fails, the protocol shifts to safely securing the rocket to prevent 

unintended ignition. 
ï Fuel leaks and hazards: Rapid response plans are in place for dealing with fuel leaks, 

involving immediate venting and isolation of the affected area to mitigate fire or explosion 

risks. 
ï Weather-related delays: Sudden changes in weather, such as high winds or lightning, may 

require pausing the launch sequence and securing the rocket until conditions stabilize. 
These emergency plans are rehearsed to ensure that every member of the launch team is familiar 

with their role in maintaining safety [6]. This familiarity is crucial when quick, coordinated action 

is necessary. Technological advancements have introduced automated monitoring systems that 

provide real-time data on the rocket's status. Sensors track parameters such as internal pressure, fuel 

levels, and structural vibrations. Any anomalies trigger automatic alerts, allowing the team to 

address issues before they escalate [7]. Integrating these monitoring systems with the launch 

protocol enhances the team's ability to make informed, data-driven decisions, reinforcing safety 

measures throughout the launch process. 

4. Real-Life Lessons and Safety Enhancements 

The history of rocketry is marked by incidents that illustrate the critical importance of adhering 

to safety procedures. One notable example is the early era of space exploration, where launches were 

frequently hampered by insufficient safety protocols. Incidents such as premature ignition or fuel 

tank ruptures were more common due to the limited technology and understanding of complex safety 

systems [8]. On the positive side, there have been many instances where stringent safety protocols 

prevented disaster. In some high-profile launch attempts, adherence to emergency abort sequences 

saved both equipment and personnel. These real-life scenarios demonstrate the effectiveness of 

having robust safety measures in place and serve as case studies for continual improvement. 

Technological innovations have significantly improved launch safety over the years. Automated 

shutdown systems are now a standard part of launch procedures, capable of halting operations if 

critical thresholds are breached. Real-time telemetry provides ground control teams with immediate 

insights into rocket conditions, enabling proactive responses to potential issues. 
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Protective equipment has also evolved, enhancing the safety of personnel on-site. Fire-resistant 

suits, advanced communication headsets, and robust monitoring tools contribute to a safer working 

environment. Additionally, high-fidelity simulation software allows teams to practice responses to 

various emergency scenarios, improving their preparedness for real launches. 

 

Figure 1. Our research rocket leaving its launch rail 

4.1 Recommendations of Best Practices 

Drawing on historical lessons and technological progress, there are several best practices that 

teams should adopt to enhance safety [9]: regular training and drills, layered safety systems, 

communication protocols, continuous review and adaptation 

Regular training and drills are based on ongoing education and practical training exercises, 

which are vital for maintaining team readiness. This includes routine simulations of launch failures, 

weather-related delays, and ignition malfunctions [1]. 

Layered safety systems are redundant systems, such as backup ignition sources and secondary 

communication lines, that provide additional security. Ensuring these backups are regularly tested 

is essential. 

Communication protocols are very important. Clear, concise communication among team 

members reduces misunderstandings and improves coordination during critical moments. Standard 

operating language and hand signals can help convey information when audio communication is 

impaired. 

Continuous review and adaptation are indispensable. After each launch, a detailed post-mission 

review helps identify potential areas for improvement in safety protocols. This iterative process 

ensures that lessons learned are incorporated into future operations. 

Safety must be embedded as a fundamental aspect of the team's culture. Encouraging a mindset 

where every member takes ownership of safety, from engineers to ground crew, fosters vigilance 

and proactive problem-solving [10]. 
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5. Conclusion 

The progress in atmospheric rocket launches has been marked by significant advancements in 

safety protocols and procedures. Achievements include the development and consistent use of 

detailed pre-launch checklists, which ensure comprehensive verification of systems and reduce the 

risk of human error. Robust emergency procedures have also been established, enabling swift 

responses to malfunctions, such as ignition failures or fuel leaks, which have successfully prevented 

catastrophic incidents. The integration of real-time monitoring systems has proven critical, 

providing ground teams with immediate data that facilitates informed decision-making during 

launches. 

These safety measures have led to a substantial decrease in the number of launch failures and 

accidents, demonstrating the effectiveness of a well-coordinated approach to risk management. The 

ability to halt launches through automated abort systems has saved equipment and lives, reinforcing 

the value of these protocols. Moreover, advances in training programs and simulations have 

enhanced the readiness of launch teams, ensuring that they are better equipped to handle unforeseen 

challenges. The continuous adaptation to new technologies, such as predictive analytics driven by 

AI and enhanced simulation tools, points to a future where safety becomes even more integrated 

with the technological framework of rocketry. Through collaborative efforts across teams and 

industries, safety standards have been raised, showcasing that collective commitment can make 

launches both successful and secure. This focus on constant refinement has built a solid foundation 

where future launches can benefit from accumulated knowledge and improved safety practices. 
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Abstract 

The concept of safety, which can be considered from a tripartite perspective, can be achieved 

through a cooperative, synergistic interaction between the organisation, the people, and the 

infrastructure/technology system. It is asserted that safety represents a pivotal challenge in 

transport planning. The focal point of our research group's endeavours lies in the domain of 

railway safety within the broader transport system. The central research question guiding our 

efforts pertains to the identification of fundamental principles that can inform design 

methodologies aimed at enhancing safety. 

Keywords: safety, standards, railway safety, safety lifecycle, safety through design 

1. Introduction  

The initial step in this process is to identify the three pillars of safety. The organization is 

identified as a project organization responsible for the construction of a comprehensive railway 

infrastructure that is integrated with other modes of transport. In the context of human factors, 

numerous considerations are taken into account, including the perspective of the passengers and the 

viewpoint of the professional workforce. As an infrastructure/technological system, we refer to a 

safety-critical unit within that infrastructure. 

The question, therefore, arises as to what factor connects the three pillars into one. The answer 

to this question depends on where we are in the lifecycle of a particular infrastructure project. 

The system lifecycle is generally defined as the process of moving through the following stages: 

requirements definition, infrastructure design phase, infrastructure construction, system testing, 

commissioning, operation, maintenance, and decommissioning [1]. 

Our research focuses on the first two phases of the lifecycle because Szymberski [2] has already 

shown that we can influence the safety of a project in the design and detailed engineering phases.  

This concept was subsequently refined by Karakhan et al., as illustrated in the accompanying figure. 
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Figure 1. Szymberskiôs Time-safety influence curve refined by Karakhan et al. [2,3] 

2. Safety Design and Safety Certification 

Even in a railway construction project, especially if it is large enough, there is no comprehensive 

safety planning. The different disciplines collect the data for the design and carry out the design task 

themselves. This is then agreed upon with the other disciplines in design meetings. The lack of 

safety-oriented planning is obvious. It is not that the individual disciplines do not consider safety to 

be an important issue. According to Bartha and Majzik, "Delays in development projects for safety-

critical systems were partly due to a lack of clarity or technical inadequacy in the safety assessment 

process. Reliability assurance planning is an important project activity" [4]. 

In our case, the thinking of the designers is mainly influenced by European regulations, 

directives, legislation, standards, national regulations, company regulations, and the accepted rules 

of the trade. The statements in the various designs always include references to these. 

What can safety through design mean?  

The concept of safety through design can be delineated as the incorporation of hazard analysis 

and risk assessment methodologies into the design and engineering phases of a project. This 

approach ensures that risk mitigation measures are in place to guarantee that the potential for injury 

or damage remains within an acceptable range [5]. 

How can safety be achieved through design thinking, and how can it be justified? 

Crossrail defines the Engineering Safety Justification as follows: ñA formal presentation of 

evidence, arguments and assumptions aimed at providing assurance that a system or product has 

met its safety requirements (including appropriate legislation and standards) and that the safety 

requirements are adequate.ò [6] 

The above suggests that by following the rules and guidelines, designers can create a safe 

system. The aforementioned study by Karakhan et al.  [3] found that a significant proportion of 

construction accidents were due to design problems. 

What could be the reason for this? There are many types of design errors, such as those resulting 

from non-compliance with regulations. In the points that follow, we briefly review the complex 

system of mandatory requirements.  
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3. Overview of the Chinese Railway Legislation System 

In China, safety regulations are issued in the form of laws. The clauses listed in these standards 

impose behavioural constraints on practitioners, especially those involved in railway operations and 

management. The structure of the primary legislation can be seen in the following Figure 1. The 

laws and regulations promulgated by the Standing Committee of the National People's Congress, 

Ministry of Railways. 

 

Figure 2. Railway safety legislation in China [7] 

4. Overview of the Chinese Railway Standard System 

The Chinese railway standard system has strong structural characteristics, which can directly 

guide and standardize the design, production, and inspection of systems, subsystems, and equipment. 

China's railway standards are classified according to the level of the published standards into 

national standards (GB category of the National Standards Administration), industry standards (TB 

category of the State Railway Administration), enterprise standards (Q/CR category of China 

Railway Group), and others (relevant standards of the railway enterprises). 

The Chinese railway standard system can be divided into two parts: professional technology and 

engineering construction. The professional and technical category is divided into three standard 

systems: high-speed railway, general-speed railway, and heavy-haul railway. It is divided into many 

sub-systems in detail, including general and comprehensive technology, rolling stock, public works 

engineering, communication signals, traction power supply, operation services, etc.  

Among these, the communication signal technology standard subsystem is divided into basic 

general standards, system standards, product standards, interface standards, protection standards, 

etc.; the engineering construction standards are mainly used to guide and regulate railway 

engineering constructions by taking a large comprehensive approach, and are divided into common 

standards and special standards, among which common standards include basic categories, survey 

and design categories, construction categories and acceptance categories.  

Special standards include high-speed railways, normal-speed railways, heavy-haul railways, and 
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plateau and alpine railways. There are also several other specific standards, including terminology, 

graphics symbols, survey and design specifications, construction regulations, acceptance and 

management specifications, etc. 

 

Figure 3. GB 5768.6-2017 Chinese national standard English version [8] 

5. Overview of the European Railway Legislation System 

 

Figure 4. Regulatory pyramid of the European Railway [9] 
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Insufficient railway interconnectivity has become a major obstacle to European economic 

development. The EU is paying increasing attention to this issue and has adopted various directives 

and regulations to promote railway interconnection within the European regions. At present, the EU 

railway package has three main 'technical pillars' (the 4th Railway Package is a set of 6 legislative 

texts), which respectively regulate the responsibilities of the European Union Agency for Railways, 

European railway interoperability, and European railway safety. The purpose is to change the 

management of railway operations among European countries, and a history of incoherence with 

equipment, to create a single European railway system that is interconnected, safe, and acceptable, 

and enhances the competitive advantage of rail transport over other modes of transport [10,11]. 

Safety requirements: The EU Railway Safety Directive 2004/49/EC [12] proposes Common 

Safety Targets (CSTs) and Common Safety Methods (CSMs). Among them, CST represents the 

minimum safety level (Safety Level) reached by the railway system, and CSM is used to evaluate 

whether CST and other safety requirements are met. The public safety method CSM for safety risk 

assessment was developed through 352/2009/EC [13] and later updated through 402/2013/EU [14]. 

The core hazard of ETCS is exceeding speed and/or distance limits advised to ETCS. 2016/919/EU 

stipulates that the tolerable risk rate (THR) of random failures of ETCS core hazards is defined as: 

10^(-9) h^(-1) for both the ETCS station part and the ETCS trackside part, thereby unifying this in 

the EU. It was subsequently updated to (EU) 2023/1695. 

6. Overview of the EU Railway Standard System 

In the present work, the focus is exclusively on the most significant safety-related standards for 

railway systems (Fig. 3.), which are the CENELEC standards. The development of these standards 

commenced in the 1990s, drawing upon best practice and other standards to establish a foundation 

for safety in railway development and software-based systems. The EN 61508 standard underwent 

a transformation from a generic standard to an industry standard, thereby acquiring a domain-

specific character. These standards serve as the benchmark for railway functional safety.  

 

Figure 5. CENELEC standards for railway safety [15] 
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7. Difference analysis 

The China Railway Signalling Standard System has a more complete division of various areas 

and more detailed specifications within the areas. It fully considers product research and 

development, engineering design, project implementation, operation management, and maintenance, 

etc., and supports the national development of the Chinese railway public network. Overall, 

consideration and unified standards have played a significant role in reducing costs and increasing 

efficiency. The design, equipment supply, integration, and construction of copper materials related 

to railway engineering construction are tendered separately and then organized and implemented by 

the employer. The control over progress and cost is usually strong. Based on the unified and specific 

Chinese railway standards, each such enterprise has a clear division of labour, so that they can be 

well applied to the large-scale railway system of Chine [16]. For the implementation of signalling 

systems, China has formed a mature system integration construction model, which specifically 

includes integrated design, integrated management, integrated testing, etc., ensuring the effective 

implementation of railway signalling system constructions. 

In comparison, in Europe, standards are not mandatory, except in cases where they are required 

by law. The European rail standards mentioned above are mandatory for European rail 

developments. However, there is an absence of a comprehensive and coherent system of 

technological regulations for the efficient construction of safe railway infrastructure. 

8. Conclusion and Future Workï Designing Safety Lifecycle in a 

Construction Project 

In our view, the European railway community is trailing behind due to its prolonged struggle 

with two main issues: the European standardisation of future safety equipment and automation 

interfaces, and the recognition of the importance of cybersecurity. These issues have slowly become 

decades old. In fact, the problems of rail transport have not yet been solved. Knowledge of these 

requirements and many others is necessary to carry out the design work and to create a safety-critical 

system. How can we improve on procedures that have existed since 1990?  

It is proposed that construction projects should adopt a safety lifecycle approach encompassing 

the design and construction phases of the infrastructure. This approach involves the utilisation of 

artificial intelligence to check for inconsistencies in regulations from a safety perspective.  

 

Figure 6. Model to implement Railway System Level Safety Requirements [17] 
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A system engineering tool is proposed to create System Level Requirements for a railway 

context. We propose the use of artificial intelligence to create the SLR. If we take into account the 

baseline of safety lifecycle design, we can also create the (Railway) System Level Safety 

Requirements. (Figure 6)  

Safety Level Requirements (SLR) are a set of system-level specifications that define the safety 

criteria and constraints for a railway system. These requirements ensure that the system operates 

within acceptable risk levels, adhering to safety standards and regulations. SLRs are derived from a 

comprehensive analysis of hazards, risks, and safety goals, and they form the foundation for the 

design, implementation, and validation of safety-critical systems. In the context of railway systems, 

SLRs address functional safety, operational safety, and maintenance safety, ensuring the protection 

of passengers, staff, and infrastructure. We envision that they should be defined and validated from 

the outset and at all levels of the project structure throughout the life of the project. 

The utilisation of artificial intelligence in the domain of SLR development has emerged as a 

pivotal subject in contemporary research. When applying artificial intelligence to the development 

of SLR and SLSR, the roles of AI can be categorized as follows: 

¶ The utilisation of artificial intelligence as a support mechanism for engineers entails 

the automation of repetitive tasks, the analysis of extensive datasets, and the generation 

of preliminary requirements based on historical data and safety standards. Moreover, 

AI has the capacity to analyse past railway incidents and safety reports in order to 

identify common hazards and propose mitigation strategies. 

¶ The utilisation of artificial intelligence as a supervisory mechanism means that it is 

responsible for the monitoring of the requirement development process, with the 

objective of ensuring compliance with safety standards. In addition, it is able to identify 

inconsistencies or gaps in the requirements. Furthermore, AI is capable of cross-

checking SLRs against international safety standards, such as those established by 

CENELEC and ISO, and highlighting any discrepancies. 

¶ The utilisation of artificial intelligence in decision-making processes harnesses its 

capability of making informed decisions based on predefined rules, risk assessments 

and optimisation algorithms. It is important to note that this role is limited to non-

critical decisions, with the aim of avoiding over-reliance on AI. The ability of AI to 

prioritize safety requirements based on risk levels and resource constraints is also a key 

consideration. 

The utilisation of artificial intelligence has the potential to influence the security of both the 

system and the project. Consequently, the research team is developing an AI risk balance rate metric. 

In the context of developing metrics, the utilisation of artificial intelligence has proven to be 

particularly advantageous in the management of complex systems characterised by voluminous 

datasets. The manual analysis of such systems is often time-consuming and susceptible to errors, 

rendering AI a valuable tool for enhancing efficiency and accuracy in decision-making processes. 

However, it is important to note that AI is not suitable for highly critical decisions where human 

judgment and accountability are essential. 

The application of AI in the development of SLR and SLSR for railway systems has the potential 

to enhance efficiency and accuracy to a significant degree. However, it is crucial to maintain a 

balance between the risk reduction capabilities of AI and the additional risks it introduces. By 

delineating explicit roles for AI (e.g., assistant, supervisor, or decision maker) and adhering to the 

balance rate principle, engineers can leverage AI effectively while ensuring the safety and reliability 

of railway systems. 
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