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Ictopis Haykw i Texniku / I'oa. pea. O.I'. Ctpeaxo. Kuis: {YIT, 2025. Tom 15. Bumn. 1. 278 c.

JKypuan pospaxoeanuii Ha HayKosyie, 6uKIA0Ayie, cCMyOeHmie GUUX HAGYATbHUX 3AKAA0I6 Ma YCiXx, XMO YiKAsUmMvCcsa
numannsmu icmopii nayku i mexuixku. Pedaxyitina xonecis ne 0606 ’83K080 NOOLISE NO3UYIIO, GUCTOBIEHY AGMOPAMU )
cmammsix, ma He Hece 8i0n06i0aIbHOCMI 30 O0CMOBIPHICIb HABEOeHUX 0aHUX noculans. JKypran suxooums 0siui na pix
aneniticbKor Mo8oio.

JKypHan exnoueno 00 MidcHApoOHUX HAYKOMempuyHux 6a3 danux ma enexmponnux 6ioriomex: Scopus, Web of Science
Core Collection (Emerging Sources Citation Index), DOAJ (Directory of Open Access Journals), European Reference
Index for the Humanities and the Social Sciences (ERIH PLUS), MIAR (Information Matrix for the Analysis of Journals),
Ulrichsweb (Ulrich's Periodicals Directory), ICI World of Journals (Index Copernicus), German Union Catalogue of
Serials (ZDB), Scilit, CNKI (China National Knowledge Infrastructure), ResearchBib, BASE (Bielefeld Academic Search
Engine), ROAD (Directory of Open Access scholarly Resources), OpenAIRE (Open Access Infrastructure for Research
in Europe), Crossref, Worldcat, Hayxoea nepioouxa Yxpainu i Google Scholar.

Enexmponna eepcis osrcypnana oocmynua na nopmani Hayionanvnoi 6ioniomexu Ykpainu imeni B.l. Bepnaocekoeo ma
Ha caumi xcypuana hitps://hst-journal.com.

Haxazom Minicmepcmesa ocsimu i nayku Yrkpainu Ne 735 6i0 29.06.2021 p.
JICYPHAN 8KIIOYEHO 00 Kamezopii “A” Ilepeniky naykosux ¢axosux 6udanv YKpainu, 6 AKux Moxscyms nyoniKyeamucs
pesyrvmamu oucepmayiiiHux pooim 6 2any3i ICmopuyHUX HayK 3a cneyianvhicmio B9 — “Icmopis ma apxeonozis’.

Kypuan "lemopis nayku i mexunixu" 3apeecmposano sik cyb ‘ekm y cgepi Opykosanux meoia. piwiennsi 6io 11.04.2024 p.
Nel166 [Ipomokon Nel3 Hayionanvroi paou Ykpainu 3 numanes meiebauenns i padiomosienHs
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PREFACE

Dear Readers, We are pleased to present the latest issue of our scholarly journal,
which brings together the results of interdisciplinary research aimed at understanding
the historical stages in the development of science and technology, technological
innovations, and their impact on society. This publication continues our commitment
to fostering dialogue between historians, engineers, scientists, and cultural theorists,
offering a platform for rethinking the intersections of knowledge systems across time
and disciplines. By highlighting both well-established and emerging fields of inquiry,
we strive to demonstrate the enduring relevance of historical analysis in addressing
contemporary challenges.

This issue reflects our belief that science and technology are not only engines of
progress but also complex cultural phenomena. Each article invites readers to explore
how inventions, practices, and theories were shaped by — and in turn shaped — the
societies in which they emerged. Through critical engagement with sources, methods,
and narratives, we seek to illuminate the human dimension of scientific and technical
change, encouraging reflection on its ethical, social, and philosophical implications.

Copyright © 2025 Oleh Strelko, Oleh Pylypchuk, Yuliia Berdnychenko. This is an open access article distributed under the Creative Commons

Attribution License 4.0, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
53 cited.
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The central focus of this issue is a fundamental study devoted to the work of
Ukrainian geneticist Oleksii Sozinov (1930-2018), one of the key figures in 20th-
century agricultural science. The article explores the development and implementation
of phytotron technologies in plant breeding at the All-Union Selection and Genetics
Institute (now the National Center for Seed Science and Variety Research). The authors
not only reconstruct Sozinov’s scientific career but also introduce a new array of
archival sources into academic circulation, allowing for a reassessment of the
innovative methods used to increase crop yields. This study convincingly demonstrates
that an interdisciplinary approach — combining microhistory, source studies, history of
science, and agrotechnology — can reveal the contributions of individual scientists to
global transformations.

The theme of technological evolution continues with a timely study on the
development of supercharging systems for piston aircraft engines. The authors
meticulously reconstruct the chronology of these technologies, from the earliest days
of aviation, focusing on technical innovations that significantly improved engine
altitude performance. By combining technical analysis with historical context, the
study offers insight not only into engineering features but also their impact on military
aviation in the first half of the 20th century — a rare fusion of engineering precision and
historical depth.

Another remarkable example of a technological breakthrough that influenced the
course of history is radar technology during World War II. The related article discusses
not only engineering solutions (such as Chain Home, Freya, SCR-270) but also the
strategic role of radar in crucial battles including the Battle of Britain, the Atlantic
campaign, and the Pacific theater. The authors also examine how the postwar
development of radar influenced air defense systems, meteorology, and modern
navigation. This analysis shows that technical innovation can become a bifurcation
point in history — impacting both military strategy and civil progress.

The history of medicine is represented by an engaging comparative study of
medieval Georgian medical culture and European practices. Special attention is given
to the treatise Ustsoro Karabadini, which reveals the influence of Greco-Roman
traditions on Georgian medicine. The article explores the four humors theory, dietary
advice, childcare approaches, and seasonal diagnostics, offering a comprehensive view
of the scientific culture of the time. It also highlights parallels between agricultural
traditions, viticulture, and medical knowledge in Georgia and Europe, showing deep
integration of cultural knowledge with natural medicine.

A completely different dimension of scientific progress is reflected in the review
of the evolution of forensic bloodstain analysis. From visual inspection to the use of
Al this evolution mirrors the broader trend of science digitalization. The article traces
how modern methods — such as spectroscopy, hyperspectral imaging, chromatography,
and machine learning algorithms — enable accurate determination of stain age, opening
new frontiers for forensic science. Despite these advances, the authors emphasize
ongoing challenges such as standardization, environmental factors, and substrate
differences. This study stands at the intersection of bioinformatics, analytical
chemistry, and law.
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Among contemporary issues, cybersecurity receives particular attention. The
article on computer viruses provides a historical overview from the legendary Morris
Worm to WannaCry, showing how technical threats became the subject of scientific
inquiry. The focus is on the evolution of countermeasures: from signature-based
antivirus software to machine learning, behavioral models, and deep neural networks.
The study underscores the dual nature of this field: increasing complexity of threats
alongside constant improvements in Al-based defense. The authors argue that the
future of cybersecurity lies in the synthesis of historical experience and technological
adaptability.

In the following article, the Authors presents an interdisciplinary study combining
historical analysis and experimental research to examine the vulnerability of military
drones made from carbon fiber-reinforced polymer (CFRP) to laser destruction. It
explores the historical development of CFRP use in military drones, highlighting its
adoption due to the need for lightweight, durable, and radar-evading materials,
influenced by geopolitical and technological factors. Concurrently, the study
investigates the rise of high-energy laser systems as precise countermeasures against
fast, small, and stealthy drones, driven by concerns over swarm attacks and limitations
of traditional defenses. Experimentally, CFRP samples were tested under controlled
laser radiation to identify damage mechanisms and energy thresholds causing material
failure. By integrating historical context with laboratory results, the article offers a
comprehensive view of how past material choices have created current vulnerabilities
and how modern laser weapons exploit these weaknesses, advancing more effective
counter-drone strategies for present and future military applications.

This article examines the design, fabrication, and long-term operation of Kyiv’s
Evgeny Paton Bridge, the world’s first all-welded highway bridge completed in 1953.
Named after welding pioneer Evgeny Paton, the bridge marked a key advance in civil
engineering and Soviet postwar reconstruction, showcasing the shift from riveted to
welded structures through innovations in metallurgy, structural analysis, and automatic
submerged arc welding. Using archival and technical sources, the study places the
bridge within its political and economic context, highlighting its dual role as functional
infrastructure and a symbol of Soviet scientific progress. The article reviews over seven
decades of operational experience, focusing on the bridge’s durability, maintenance,
and influence on later engineering worldwide. Serving as a living laboratory, the Paton
Bridge demonstrates the practical application of scientific research in welded steel
structures and remains relevant to modern infrastructure and engineering education.

A study of the electrification of Tashkent from 1914 to 1918 presents significant
historical interest. Against the backdrop of geopolitical instability and the colonial
approach of the imperial center, the development of energy infrastructure in the region
appears as an attempt at modernization despite unfavorable conditions. While the
number of power stations increased, a lack of industrial support and investment outflow
hindered further progress. The analysis reveals how energy policy influenced the
region’s economic potential and exposed untapped infrastructural resources.

Traditional technologies that have retained their relevance are highlighted in the
article on wood-fired kiln ceramics. This topic offers a fresh interpretation of
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technology as a form of aesthetic and emotional experience. The authors trace the
evolution of the practice from utilitarian craft to a philosophy of fire interaction. An
analysis of kiln types, firing regimes, ash impact, and temperature variations helps
explain why this technique continues to inspire contemporary artists.

A fascinating socio-technical case study is the history of automotive engineering
in Francoist Spain. Through the lens of the Revista de la STA, researchers uncover the
image of the engineer as a bearer of technical progress within an authoritarian state.
Technological breakthroughs described by engineers themselves are presented as part
of a collective imagination —a space where technology, the state, and professional pride
coexist in a complex dynamic. This study demonstrates how cultural history shapes the
history of technology.

Finally, the issue concludes with a study on the emergence of cinema as a
technical and social phenomenon. It captures the transition from optical illusions and
mechanical devices to digital technologies and virtual reality. The authors examine not
only the technical foundations of cinema-mechanics, vision physiology,
photochemistry — but also its cultural contexts: fairs, cinemas, and the public
consumption of visuality. Cinema emerges as both a product of scientific knowledge
and social demand, a communicative platform, and a technological system.

Taken together, this issue is a vivid illustration of the current state of historical
and scientific studies. The articles transcend traditional disciplinary boundaries, rethink
the human role in technical transformations, and emphasize the importance of local
contexts in global processes. A shared feature across all contributions is the blend of
historical depth, source-based rigor, and interpretive boldness. We are confident that
these articles will be of value to researchers, educators, students, and all who are
interested in the development of science, technology, and culture.

We also wish to express our sincere gratitude to the authors, reviewers, and
editorial team whose dedicated work made this issue possible. Their intellectual
contributions and commitment to scholarly excellence ensure that each article meets
the highest academic standards. We are equally grateful to our readers, whose interest
and feedback continue to inspire us to expand the scope and depth of our publication.

As we turn the pages of this issue, we invite you to join us in exploring the intricate
connections between past innovations and present realities. We hope that these studies
will not only inform but also provoke new questions, spark dialogue, and encourage
further research. May this issue serve as a valuable resource and a catalyst for deeper
understanding of the ways in which science, technology, and culture shape — and are
shaped by — each other through time.
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Megaproject on innovative transformation of the plant breeding system to
increase productivity and yield (second half of the twentieth century)

Abstract. The purpose of the article is to reconstruct the events and analyze the
scientific activities of the geneticist Oleksii Sozinov (1930-2018) aimed at the
development of agricultural science in Ukraine. Particular attention is paid to the
creation and development of the phytotron at the All-Union Breeding and Genetic
Institute (now the Breeding and Genetic Institute — National Center for Seed and
Variety Studies) in the second half of the twentieth century. The innovative
transformation of the plant breeding system initiated by O. Sozinov, aimed at
increasing the productivity and yield of agricultural crops, is studied. The use of
methods of microhistory and comparative historical analysis allowed to reveal more
deeply the scientific contribution of the scientist and his influence on the development
of breeding science and technology. Based on the processing of archival materials, a
set of sources was first introduced into scientific circulation, which allows us to rethink
the importance of the developments of O. Sozinov and his colleagues in the creation
and functioning of the phytotron. The analysis of documentary materials of the State
Archives of Odesa Region and other sources allowed to expand the understanding of
the use of phytotron technologies in breeding activities and their impact on agricultural
science and crop yields. The contribution of O. Sozinov to the development of scientific
research in the field of breeding and genetics, in particular the introduction of
advanced experimental methods and the use of phytotron for research on grain crops,
is outlined. It is proved that the scientist's many years of experience in plant breeding
and genetics became the basis for the formation of long-term scientific directions in
this field. The experimental approaches he introduced contributed to the innovative
transformation of the breeding system, which ensured a significant increase in crop
productivity and yield. It is concluded that the scientific achievements of O. Sozinov
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not only laid the foundation for further research, but also determined the prospects for
the development of the industry for decades to come. The use of the phytotron has
significantly expanded the possibilities of studying the influence of various factors on
plant growth and development, which, in turn, has contributed to the creation of new
highly productive varieties.

Keywords: Oleksii Sozinov; plant breeding,; phytotron, genetics, agricultural
science; innovative transformation

Introduction.

The development of agricultural science in the second half of the twentieth
century was marked by an active search for innovative approaches to increasing the
productivity and yield of crops (Strelko, Pylypchuk, O. Ya, & Pylypchuk, O. O., 2024).
One of the key areas was the introduction of the latest breeding methods based on the
use of controlled plant growing conditions. In this context, the megaproject of
Academician Oleksii Sozinov (1930-2018), aimed at the innovative transformation of
the breeding system using phytotronic technologies, deserves special attention.

Accelerating the crop breeding process remains one of the priorities of modern
agricultural science. Artificial climate technologies play a decisive role in this, as they
can significantly shorten the plant growing season and produce several harvests of
grain and other crops during a calendar year.

Internationally, the development of phytotronic technologies began in the mid-
twentieth century. In the United States and Europe, institutions such as the Beltsville
Agricultural Research Center (USA) and the Max Planck Institute for Plant Breeding
(Germany) pioneered the introduction of controlled environments for crop
experiments. Research at these centers has shown that the use of phytotrons can reduce
the breeding cycle from 10—12 years to 4-5 years, which has become a significant
breakthrough in agricultural science.

Canadian and Japanese scientists also made a significant contribution to the
development of the phytotron concept. In particular, in Canada, the National Research
Institute of Agriculture has developed methods for precise control of the photoperiod
to improve the growth of grain crops.

In the world scientific literature, the development of plant breeding technologies
in the second half of the twentieth century is viewed through the prism of technological
innovations, the use of controlled conditions for growing plants, and genetic methods
of increasing yields. The phytotron as a breeding tool played a significant role in
accelerating the development of new varieties of cereals, vegetables and industrial
crops.

V. Dubovyi notes that research on the problem of studying the growth and
development of cereal crops in an artificial climate has been going on for more than
40 years (Dubovyi, 2020). Analyzing the results of scientific works, especially those
conducted in the period 1978-1990, it becomes obvious how accessible this
engineering and biological method was. In particular, when the cost of 1 kWh of
electricity was only 1 kopeck, the use of an artificial climate made it possible to
significantly speed up the breeding process. This made it possible to obtain up to five
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reproductions of spring wheat and barley, as well as three reproductions of winter
cereals, which contributed to more efficient improvement of agricultural technologies
and increased crop productivity (Downs, 1975).

Donald N. Duvick focuses his research on the use of controlled conditions for
accelerated breeding and considers plant breeding using biotechnology primarily as a
tool to improve the efficiency of traditional plant breeding, with a particular focus on
increasing resistance to diseases and insects or adding new types of herbicide
resistance. He notes that more and more attention is being paid to the potential of using
biotechnology to create new industrial and food products based on plants
(Duvick, 2009).

In his work, W. Gottschalk investigates the effect of temperature on flowering of
Pisum plants using a phytotron. They studied 17 mutants and 20 recombinants under
three temperature conditions. Low temperature (12.5 °C) significantly delayed
flowering, but the genotypes differed from each other. High temperature (25 °C) had a
negative effect on fasciate genotypes. None of the plants bloomed at either constant
low or high temperatures - they need a change of low and high temperatures for normal
flower formation. Studies confirm that most genotypes have specific temperature
responses (Gottschalk, 1985).

J. Braak and L. Smeets provide a detailed description of the physiology
laboratory, which includes a complex of greenhouses and specialized experimental
rooms. The authors emphasize the conditions where researchers can control the main
climatic parameters, including temperature and humidity, as well as regulate the
duration and intensity of lighting, which allows them to create optimal conditions for
scientific experiments. Special attention is paid to the technical aspects of microclimate
control systems and their efficiency. The results of three years of experience in
managing temperature and humidity conditions are summarized, which made it
possible to assess their impact on the course of physiological processes in plants
(Braak & Smeets, 1956).

The T. Tibbitts and T. Kozlowski (eds.) guidelines allow to: standardize methods
of growing and analyzing plants in laboratory and greenhouse conditions; determine
the optimal parameters of the environment for plant growth and development; conduct
experiments on the influence of various factors (lighting, temperature, humidity, soil
composition, etc.) on the physiological and morphological characteristics of plants;
evaluate the effectiveness of fertilizers, growth regulators and other agrochemicals;
develop recommendations for optimizing cultivation conditions to increase yield and
quality (Tibbitts & Kozlowski, 1979).

Downs gives advice on flow and density in phytotrons (Downs, 1988). Other
researchers pay attention to light (Biggs et al., 1971).

In Ukrainian and Soviet scientific literature, O. Sozinov's megaproject was seen
as one of the key steps in the modernization of agricultural science in the USSR. The
phytotron, created in the second half of the twentieth century, became the basis for the
development of new crop varieties. Breeding technologies and methods were
improved, which contributed to the efficiency of growing highly productive and
resistant to unfavorable conditions varieties.
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Sokolov notes that in the 70s of the last century, the world's largest phytotron was
built, which made it possible to conduct research at a high scientific level regardless of
the growing season (Sokolov, 2012). In addition, the author emphasizes that
O. Sozinov's innovative research has always been characterized by the work of the
Department of Genetic Basis of Breeding (Sokolov, 2012, p. 355).

Revealing the multifaceted figure of O. Sozinov, V. Vergunov notes “...the largest
artificial climate station in the USSR, the phytotron, built during Sozinov's
directorship, made it possible to significantly accelerate the breeding process.” Thanks
to the favorable conditions for scientific research and the talented leadership of
O. Sozinov, young scientists were able to make world-class discoveries. A striking
example of this is the achievement of his student, Corresponding Member of the
National Academy of Sciences of Ukraine, State Prize winner O. Rybalka. He recalled
that the results of his PhD thesis allowed them to be two years ahead of researchers
from the University of Cambridge, having carried out the first mapping of the locus
that encodes the biosynthesis of gluten proteins. Such breakthroughs seem almost
unattainable in today's environment (Vergunov, 2018).

The scientific achievements of O. Sozinov (Sozinov, 1981b) became the basis for
the development of modern breeding science in Ukraine, and also contributed to the
integration of domestic research into the international scientific space.

The analysis of the literature shows that O. Sozinov's mega-project on the
innovative transformation of the plant breeding system has made a significant
contribution to the world and national agricultural science. The use of phytotrons has
significantly accelerated the process of creating new varieties, increasing their
resistance to adverse factors and, consequently, their yield.

The phytotron as a complex for artificially regulating plant growth conditions has
opened up new opportunities for the development of the breeding process, increasing
the efficiency of experiments, and creating new highly productive varieties. However,
despite its significant contribution to the development of agricultural science, research
into the history of this project remains undercovered.

The relevance of this topic is due to the need to rethink the scientific achievements
of the past and their impact on modern agricultural technologies. The study of
O. Sozinov's megaproject allows not only to assess the scientist's contribution to the
development of breeding, but also to understand the prospects for the further use of
phytotronic technologies in the world agricultural practice.

Methods and Materials.

The study is based on the principles of historicism and objectivity, which allowed
us to reproduce with maximum accuracy the real historical picture of the
implementation of O. Sozinov's project on the innovative transformation of the plant
breeding system to increase productivity and yield. The use of the problem-
chronological method allowed us to find out the reasons for the formation of
established methods of conducting experimental work within this project, and the
retrospective method allowed us to show the patterns of this process. The chronological
method was used to achieve the appropriate sequence of presentation of the historical
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information obtained, and the methods of logic, analysis and synthesis were used to
draw the conclusions and provisions set forth in the article.

Results and Discussion.

In the second half of the twentieth century, the development of genetics in Ukraine
took place in the context of the restoration of science after Stalin's repressions and the
influence of official ideology.

In the 1950s and 1960s, the All-Union Breeding and Genetic Institute (ABGI)
(now the Breeding and Genetic Institute — National Center for Seed and Variety
Studies) was the center of the revival of genetics after the Lysenko period, and it
became one of the key centers for the development of genetic research in the USSR.
The Institute actively contributed to the restoration and development of modern genetic
science, in particular, the study of molecular biology, plant and animal genetics, and
crop breeding.

With the arrival of O. Sozinov, a new, dynamic stage in the life of the All-
Ukrainian Scientific and Research Institute began. As a representative of the command-
and-control system (in its best manifestation), he perfectly met its requirements. He
was characterized by an authoritarian style of management, but at the same time
demonstrated high efficiency, determination in decision-making and a desire for
development. Under his leadership, favorable financial and organizational conditions
were created for the work of employees (State Archives of Odesa Oblast. Fund P. 3139,
Inventory 1, Case 44, Sheet 63), which contributed to the growth of the institution to a
world-class level.

One of the key areas of his activity was to engage specialists in various fields —
mathematicians, engineers, and representatives of related sciences — in cooperation.
This contributed to the development of scientific areas that were important for the
country's economy, led by him. In particular, a significant achievement was the
creation of the phytotron, a unique agrobiological research complex that allowed
monitoring of cultivated plants at all stages of their development, accumulating and
processing huge amounts of information. This, in turn, brought agrobiological science
to a qualitatively new level. It is thanks to the strategic vision and focused policy of
O. Sozinov that the Institute received a new impetus for development, strengthening
its position as one of the leading research centers.

After the period of dominance of the Lysenko theory, which denied the
foundations of classical genetics, the Institute's scientists continued to develop new
methods and approaches to the study of genetic processes. Scientists actively applied
the achievements of world science, in particular, O. Sozinov, looking for new
opportunities for the development of genetics and plant breeding, considered the
phytotron as an innovative tool. It should be noted that a similar center had already
been established in Germany using a phytotron, and its work was much more effective
than the activities of the Department of Plant Production and Breeding of the GDR
Academy of Agricultural Sciences (Dragavtsev, 2000).

After defending his PhD thesis, O. Sozinov worked under the supervision of
Academician F. G. Kirichenko, learning the methods of barley breeding by
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P. H. Garkavy and mastering the peculiarities of wheat breeding. He took an active part
in the life of the institute's staff, holding the position of a collective boss, constantly
spoke at postgraduate seminars and made numerous trips to rural regions. In 1961, at
the suggestion of the director of the institute, O. Musiyko, he headed the grain quality
laboratory. From the very first steps, he had to restore the operation of outdated
equipment, organize its repairs, develop new methods and establish cooperation with
breeders. The laboratory has become a recognized scientific and methodological center
for grain quality in the former USSR. The laboratory's activities were not limited to
preparing and holding union seminars and methodological meetings, but also included
publishing methodological materials and organizing joint research with scientists from
Moscow, Omsk, Kharkiv and other research centers (Vergunov et al., 2010, p. 24).

Between 1961 and 1971, when Oleksii Sozinov served as deputy director for
scientific work at the All-Union Scientific Research Institute, he was able to implement
large-scale changes aimed at overcoming the remnants of Lysenkoism in science.
Thanks to his convictions and efforts, he was able to influence the director of the
institute, O. S. Musiyko, and prove the importance of these changes for the further
development of breeding science. In particular, the construction of a phytotron, which
will allow controlling key environmental parameters such as temperature, humidity,
lighting, and atmospheric composition. These conditions make it possible to accelerate
plant growth, study their response to various factors, and conduct experiments to
improve yields.

Construction of the phytotron began in 1967 and lasted ten years. However, the
official opening of the facility was scheduled for the fall of 1978, due to the need to
fully load all freezers with experimental material. This made it possible to ensure that
the complex was ready for scientific research in optimal conditions (State Archives of
Odesa Oblast. Fund R. 7881, Inventory 1, Case 152, Sheet 137-143).

Already on January 10, 1978, the Academic Council of the All-Ukrainian
Scientific Institute, headed by O. O. Sozinov, approved a program of research on the
phytotron (State Archives of Odesa Oblast. Fund P. 3139, Inventory 1, Case 68,
Sheet 32). It is important to note that its development took into account international
best practices in the field of phytotron research. In particular, the achievements of
French scientists in the field of plant physiology, Australian scientists in the study of
drought resistance, and Japanese scientists in plant reproduction were used (State
Archives of Odesa Oblast. Fund R. 7881, Inventory 1, Case 152, Sheet 27).

This integrated approach has allowed us to create a scientifically based program
aimed at improving plant breeding and genetics.

The complex consisted of three parts: a laboratory building, a technical block with
greenhouses, and a block of climatic chambers. Built according to the original design,
the complex was intended for genetic and breeding research in a wide range of
temperatures and had 14 freezers (State Archives of Odesa Oblast. Fund R. 7881,
Inventory 1, Case 152, Sheet 137-143).

The climatic chambers of the phytotron differed in their purpose, the range of
adjustment of the main environmental parameters, and design features. Ten chambers
with natural light were arranged in two tiers at different height levels. Each of the tiers
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was a single building structure divided by glass partitions into five separate chambers,
each with a floor area of 18 m?.

The upper tier was equipped with double glazing, which allowed the temperature
to be maintained between +15 and +35 °C. In the lower tier, where lower temperatures
were required, triple glazing was used. The temperature regime here ranged from +5
to +25 °C. One of the chambers in the lower tier had the ability to create negative
temperature values, which ensured that experiments could be conducted under artificial
cooling conditions.

The stability of the microclimate in each chamber was maintained by autonomous
air conditioners equipped with freon refrigeration units, which guaranteed precise
temperature control in accordance with the research requirements.

In addition to the main climate chambers, the phytotron also had vegetation
chambers and climate cabinets. They differed mainly in size, but had similar air
conditioning systems that operated on a single-acting principle. The range of
temperature control in these chambers was wider and ranged from +4 to +45 °C, which
allowed for experiments in different climatic conditions (Sozinov, 1978b).

O. Sozinov realized that the introduction of the latest technologies in breeding
should be accompanied by fundamentally new results that would be a breakthrough in
the genetic field. To achieve this goal, it was necessary to conduct specialized scientific
research, which was already being actively carried out and planned for the future. In
particular, methods were developed to shorten the vernalization period of winter crops,
and the optimal parameters of temperature, light exposure, and supply of plants with
the necessary nutrients were determined.

Given the high cost of phytotron space, it was extremely important to plan
experiments rationally and analyze the results in depth. For this purpose, it was
necessary to apply mathematical methods of data processing. Quantitative
characteristics of a number of key properties of genotypes have already been proposed,
including competitiveness, environmental plasticity, response to improved growing
conditions, etc. That is why, in addition to breeders, mathematicians were actively
involved in the work in the phytotron (State Archives of Odesa Oblast. Fund R. 7881,
Inventory 1, Case 152, Sheet 139), which made it possible to increase the efficiency of
research.

One of the main tasks of the latest breeding technologies was to create varieties
and hybrids characterized by comprehensive resistance to diseases and pests.
Achieving success in this area largely depended on a detailed study of pathogens,
determining their racial composition, and the effective selection and use of donors in
the hybridization process. Other important factors were a deep understanding of the
genetic mechanisms of field resistance of plants and providing an optimal background
for the precise selection of genotypes that demonstrate high resistance to disease.

In the climatic chambers of the phytotron, scientists conducted in-depth research
on cereal diseases, including brown leaf and stem rust, powdery mildew, smut,
helminthosporiosis, viral infections, and other pathogens. Particular attention was paid
to the study of pathogen genetics, their notypical composition, adaptation mechanisms,
and the prediction of new races. At the same time, the resistance of different varieties
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of wheat and barley to these diseases was studied, which is critical for maintaining
grain yields and quality.

A separate area of research was devoted to studying the mechanisms of field
resistance of grain crops to various pathogens and pests. In particular, attention was
focused on the resistance of plants to rust fungi, powdery mildew, and viral infections,
as well as their ability to resist cereal flies, aphids, moths, and other pests. O. Sozinov,
together with other scientists, conducted a comprehensive identification of genes
responsible for plant resistance, studied the conditions of their manifestation and the
patterns of inheritance in the process of hybridization (Ursu, 2013).

This contributed to the development of new high-yielding varieties with a broad
genetic basis and comprehensive immunity to biotypic variability of pathogens.

In addition, a thorough phytopathological assessment of wheat and barley
breeding material was carried out in the climatic chambers of the phytotron. The tests
included analysis of resistance to yellow rust, viral diseases and damage caused by
pests. The use of the phytotron significantly accelerated the breeding process, as it
allowed for several generations of full-grown plants within a year, which made it
possible to perform complex crosses for resistance breeding more efficiently. This has
led to the accelerated development of new varieties that can adapt to changing growing
conditions and the impact of pathogens.

In the second half of the twentieth century, breeding research aimed at improving
the immunity of crops focused on creating new donors with comprehensive resistance
to adverse conditions and high economic value. It was especially important to develop
winter wheat and barley varieties that would combine resistance to rust, powdery
mildew, and low temperatures. However, such genotypes were extremely rare in the
wild, which complicated the breeding process.

The use of climatic and freezing chambers greatly expanded the capabilities of
breeders, allowing them to select the most promising samples in a targeted manner.
These technologies provided for a comprehensive study of breeding material that was
grown in a phytotron and simultaneously tested in several ecologically different
regions. Field experiments, even with the use of artificially created climatic conditions,
remained a key stage of research, as they provided the most reliable assessment of
genotype behavior in the real environment.

At the same time, the use of the phytotron significantly increased the efficiency
of breeding. It complemented field research by providing a comprehensive assessment
of the adaptive potential of plants and allowing unsuitable genotypes to be rejected
before they were tested in the field. This approach helped to accelerate the process of
creating promising varieties with high resistance to biotic and abiotic stress factors.

O. Sozinov proposed a system of symbols for allelic blocks and a methodology
for recording genetic varietal prolamine formulas. The scientist's research has
confirmed that certain allelic blocks not only determine the technological properties of
grain, but also have a connection with frost resistance, disease resistance, and other
agronomically important traits. Since the electrophoretic analysis of prolamines is
independent of growing conditions, the identification of varietal formulas can be
performed on grain grown under controlled conditions (phytotron, greenhouses). One
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or even half a grain is sufficient for the analysis, making this method extremely
efficient and affordable. At the same time, new genetically determined differences
between genotypes were identified, including their specific responses to different parts
of the solar spectrum. This opened up new perspectives in the study of photosensitivity
mechanisms and their impact on plant growth, development, and productivity, which
is of great importance for crop breeding and adaptation to climate change.

Since the opening of the phytotron, most of the scientific research in Odesa region
has been conducted on its basis. Thanks to the introduction of modern technologies,
plant breeders have expanded the range of research methods, actively using cultures of
plant cells, tissues and embryos. Particular attention was paid to the cultivation of
embryos, which opened up new opportunities for obtaining distant hybrids and creating
haploid genotypes (State Archives of Odesa Oblast. Fund R. 7881, Inventory 1,
Case 152, Sheet 141), which, in turn, became a key tool in solving the problem of
homozygosity of breeding material and the identification of promising homozygous
amphiploids that are highly valuable for breeding and further improvement of crops.

The second half of the twentieth century saw a real revolution in the biological
sciences, particularly in the field of genetics, driven by the development of
transformation and transgenesis technologies, the process of transferring genetic
information at the DNA level. Although at that time there was not yet sufficiently
convincing evidence of the possibility of successful transgenesis in higher plants, this
research was actively developing. This was due to the assumption that genetic
engineering methods could have a significant impact on breeding, opening up new
perspectives in creating plants with valuable economic traits.

A prominent Ukrainian scientist, O. Sozinov, was one of the leading proponents
of this area of research. He believed that progress in molecular biology would facilitate
the rapid detection and identification of valuable genes, which, in turn, would be of
great importance for practical breeding. The scientist emphasized the importance of
studying the mechanisms of gene interaction in the genetic system of organisms,
especially under conditions of controlled cultivation (State Archives of Odesa Oblast.
Fund P. 3139, Inventory 1, Case 68, Sheet 30—34). He saw in these studies not only
fundamental value, but also direct applied value for improving breeding methods.

0. Sozinov identified two key areas of such research. The first one concerns the
study of genetic interactions within pairs of alleles, taking into account their pleiotropic
effect. In particular, it is about establishing the patterns of so-called “floating
dominance” and identifying factors that affect the degree of dominance of traits in
hybrid plants depending on growing conditions. This made it possible to predict when
full dominance, intermediate dominance, variability, or overdominance would occur.
The second direction is aimed at studying inter-allelic interactions in polygenic systems
that determine quantitative traits. Particular attention was paid to the effects of additive,
dominant, and epistatic gene effects, with additive action playing a key role. It largely
determines the level of the coefficient of inheritance of traits and affects the efficiency
of the breeding process (Sozinov, 1978b, p. 111). Thus, the development of genetic
engineering and in-depth study of the mechanisms of genetic interactions have opened
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up new opportunities for improving cultivated plants, which has become the basis of
modern approaches in breeding and agricultural biotechnology.

An important stage in the institution's activities under O. Sozinov's leadership was
overcoming the isolation from world science, which had long hindered its
development, contributing to provincialism and technological lag. Realizing the need
to integrate into the international scientific space, O. Sozinov made significant efforts
to establish cooperation with the world's leading scientific centers. However, the first
steps in this direction were made in 1966—1970, when the party bureau decided to
approve the characteristics for foreign business trips of researchers (State Archives of
Odesa Oblast. Fund R. 7881, Inventory 1, Case 294, Sheet 35). This became the
starting point for active international knowledge exchange, which allowed researchers
to establish contacts with leading foreign institutions, adopt best practices, and
introduce modern methods into domestic breeding. Subsequently, the Institute
expanded the scope of cooperation by concluding agreements with scientific
institutions in Europe and America (State Archives of Odesa Oblast. Fund P. 3139,
Inventory 1, Case 59, Sheet 28), organizing joint research, international conferences
and internships. This contributed to the introduction of innovative technologies in the
breeding process, raising the level of domestic agricultural science and strengthening
the Institute's position in the global scientific arena. It is worth noting that, according
to the decision of the 25th session of the Council for Mutual Economic Assistance
(CMEA), the All-Ukrainian Agricultural Institute under the leadership of
0. O. Sozinov was transformed into a focal point for the development of theoretical
principles of breeding and seed production, as well as the creation of high-yielding
varieties and hybrids of crops for CMEA member countries.

Odesa received hundreds of samples of wheat, barley, and other crops from all
CMEA member countries, which facilitated active international exchange of genetic
material. In one of the world's largest phytotrons, these samples were sown in a
quarantine nursery, where they underwent careful adaptation and evaluation. Later, the
best of them were used to create new varieties and hybrids that met the agroclimatic
conditions of both Ukraine and other CMEA member states (Lyfenko, 2012). The
Institute's activities were of strategic importance for the development of agriculture, as
it provided countries with highly productive seed material, which helped to increase
yields and food security in the region.

The history of the successes of the phytotron and the All-Union State Institute of
Agriculture, recognized at the level of the USSR, can be documented in the events that
took place from the beginning of Sozinov's project to the last year of the scientist's stay
in Odesa. In particular, on August 21, 1978, at the XIV International Genetic Congress
held in Moscow, the effectiveness of the phytotron at the All-Union State Institute of
Genetics was highly appreciated. The participants of the event noted the significant
contribution of the institution to the development of genetic research, emphasizing the
role of the phytotron in conducting experiments on plant breeding and improvement
(Sozinov, 1978a).

On December 67, 1978, at the session of the General Meeting of the USSR
Academy of Sciences, O. Sozinov presented the results of research that confirmed the
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effectiveness of using the phytotron in studying the genetic characteristics of plants.
The contribution of the All-Union Agricultural Institute specialists to the improvement
of breeding methods based on the use of phytotronic technologies was particularly
noted, which opened up new prospects for genetic research and increased crop yields
(Sozinov, 1979a; 1979b).

In 1980, the city of Hamburg hosted a scientific forum on security and cooperation
in Europe. The event brought together leading specialists, scientists and experts from
different countries to discuss topical issues of science and technology development.
One of the highlights of the forum was a presentation by O. Sozinov, who highlighted
the achievements in the field of scientific research using phytotron, focusing on the
prospects of using this technology to improve the efficiency of agricultural production
and study physiological processes in plants under controlled conditions. The
participants of the event highly appreciated the contribution of the phytotron, which
operated at the All-Ukrainian Agricultural Institute, noting its significant role in the
development of agricultural science. They emphasized the importance of further
research in this area and international cooperation to improve plant cultivation methods
and ensure food security (Sozinov, 1981a).

In 1978, the Academic Council of the Institute nominated O. Sozinov for full
membership in VASKhNIL. The Institute's submission stated: “O. O. Sozinov is
widely known for his contribution to the development of the genetics of the protein
complex of cereals. Since 1958, he has been working extensively on improving grain
quality. Since 1971, he has been the director of the All-Union Breeding and Genetic
Institute. In recent years, he has developed more than 30 new varieties, which are
grown on an area of more than 10 million hectares, with a net profit of 588 million
rubles.” To this figure was added another one - “...due to the introduction of Sozynov's
varieties into production, the country additionally received 7201.1 thousand tons of
grain (State Archives of Odesa Oblast. Fund P. 7881, Inventory 1, Case 152,
Sheet 62—-64).

In his early fifties, O. O. Sozinov became well known in Ukraine and abroad as
an outstanding geneticist and science organizer. He was elected an academician of the
Academy of Sciences of the Ukrainian SSR in the specialty of genetics and was
awarded the highest state honors: the Order of Lenin (1973), the Order of the October
Revolution (1977), and the Red Banner of Labor (1971).

At a meeting of the Institute's Academic Council on October 20, 1978, Director
0. O. Sozinov announced that he had been appointed Vice President of the All-Union
Academy of Agricultural Sciences and would simultaneously head the Laboratory of
Biochemical Genetics of the Institute of General Genetics at the main academy of the
country, the USSR Academy of Sciences (State Archives of Odesa Oblast. Fund
P. 7881, Inventory 1, Case 152, Sheet 62).

Conclusions.

In the second half of the twentieth century, Ukrainian plant breeding science made
a significant step forward through the introduction of the latest technologies and
innovative approaches. Academician O. Sozinov played an important role in this
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process, not only by creating a powerful research center, but also by initiating the use
of technologies unique for his time, in particular the phytotron. This made it possible
to significantly speed up the breeding process, improve control over plant cultivation,
and expand the possibilities of research in genetics and breeding.

The phytotron has become a revolutionary platform for testing and developing
new crop varieties, which has significantly reduced the time required for breeding
experiments. The use of a controlled environment has allowed scientists to explore the
impact of climatic factors on plant development in greater depth, ensuring better
adaptation to different environmental conditions. In particular, this contributed to the
development of high-yielding varieties of wheat, corn, soybeans and vegetables, which
became the basis for the further development of Ukraine's agricultural sector.

Despite its successes, the implementation of O. Sozinov's mega-project faced
serious difficulties. The financial crisis that followed the collapse of the USSR led to
the decline of research infrastructure, including the phytotron. The functioning of such
a high-tech facility became impossible due to the lack of adequate funding and support
from the state. This led to the loss of a unique tool that could have served as a basis for
the development of modern genomics and biotechnology.

However, even in such circumstances, the scientific heritage of Academician
Sozinov has not lost its relevance. His ideas and approaches to breeding research
remain the basis for further developments in the field of agricultural science. The
Phytotron demonstrated the prospects of creating controlled conditions for breeding,
which in the XXI century has been continued in modern biotechnology laboratories
and research in the field of genetic engineering.

Thus, O. Sozinov's megaproject not only made a significant contribution to the
development of plant breeding in the second half of the twentieth century, but also left
a significant scientific heritage that still influences the development of agricultural
science and biotechnology in Ukraine and the world. And the development of breeding
technologies based on the use of phytotrons was an important step in improving the
efficiency of agricultural science in the second half of the twentieth century.
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HamionanpHa HaykoBa ClIBCHKOTOCTIOMapchKa O010mioTeka HamionanpHOT akagemii
arpapHux Hayk YKpaiHu, YKpaiHa
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MeranpoekT 3 iHHOBaliiiHOI TpaHcpopmanii cucTeMHu cesleKUii pOCJIUH st
MiABUILIECHHA NPOAYKTHUBHOCTI Ta BPO:KalHOCTI (Apyra mojioBuHa XX CTOJITTH)

Anomauia. Memoro cmammi € peKOHCMPYKYis nooil ma auanisz HAayKooi
distbHocmi  8ueHoco-eeHemuxa QOnekcis  Onekcitiosuya Coszinosa (1930-2018),
CIPAMOBAHOI HA PO3BUMOK CLIbCbKO20CN00apcvbKkoi Hayku 8 Ykpaini. Ocobnusy ysazy
NPUOINEHO CMBOPEHHIO mMa pOo36UmMKy GimompoHny y Bcecoiosnomy cenexyiino-
eenemuynomy  incmumymi (Huni —  CenekyitiHO-2eHeMmUuYHUll  IHCmumym —
Hayionanvnuii yenmp Hacinmesnascmea ma copmo6ueyeHHs) y Opyeiti nojo8uHi
XX cm. [locniooceno iniyitiosany O. Co3ino6um iHHOBAYIUHY mMpaHchopmayiro
cucmemu cenekyii poCiuH, CHNpAMOBAHY HA NIOBUWEHHS NPOOYKMUSBHOCMI ma
8POJCAUHOCMI  CLIbCLKO2OCNOOAPCLKUX — Kyabmyp.  Bukopucmanus — memoois
MIKpoicmopii ma NnopisHANIbHO-ICMOPUYUHO20 AHANI3Y 003B0JUNO 2NUbUE PO3KPUMU
HAYKOBULL BHECOK Y4eH020 ma U020 6NAU6 HA PO3BUMOK CENeKYIUHOI HAYKU 1
mexnonoziu. Ha ocHosi onpayrosanHs apXignux mamepianie ynepuie B68e0eHO 8
Haykosuil 00ic KOMNIeKC O0dxcepen, wo 00380J0Mb NePeoCMUCIUMU 3HAYEHHS]
pospobok O. CoziHosa ma 11020 Koae2 y CMBOPEeHHI Ui (DYHKYIOHYBAHHI (himOmpony.
Ananiz ooxymenmanvhux mamepianie /lepocasnozo apxiey (Qdecvkoi obracmi ma
[HWUX 0dxxcepen 0aé 3mMo2y pO3UWUPUMU VAGIEHHS NPO 3ACMOCY8AHHS (DIMOMPOHHUX
MexXHON021U ) ceNeKYiiuHil OIIIbHOCII MA IXHIl 8NJIUG HA A2PAPHY HAYKY U NiOBULEHHS]
epooicatinocmi ciibcbko2ocnodapcvkux Kynomyp. Okpecneno enecok O. Coszinosa y
PO36UMOK HAYKOBUX OO0CNIOJNCEHb ) 2any3l celekyii ma 2eHemuKu, 30Kpema
BNPOBAONCEHHSI  NEpedo8UX — eKCNEePUMEHMANbHUX Memooi8 [  BUKOPUCIAHHSL
Gdimompony 011 0ocnioxnceHb 3epHosux Kyabmyp. Jlosedero, uio bazamopiunuil 00ceio
yueHoz0 y cepepi cenexkyii ma eeHemuKku pOCIUH CMA8 OCHOB0I0 OJisl (hOpMYEAHHSL
00820CMPOKOBUX — HAYKOBUX HANpAMIE V  yiti  2any3i. 3anpoeaodceHi  Hum
eKCNepUMEHMAnbHi  Nioxoou CRpusiiu  IHHOBAYiUHIU mpauncgopmayii  cucmemu
cenekyii, wo 3abesneuuno cymmese nio8UueH s npooOyKmMUGHOCmMI ma 8POHCAHOCHII
CIIbCLbKO20CNOOAPCLKUX  KYAbmYp. 3pobieHO BUCHOB0K, WO HAYKOBI 3000ymKU
O. Coszinoséa He nuwe 3aKkianu @QyHoamenm O NOOANLUUUX OO0CHIONCEeHb, a U
BU3HAYUNIU NEPCNEeKMUBU PO3BUMK) 2ay3i Ha decamunimms enepeod. Bukopucmanns
GDimompony 3HAUHO POULUPUTIO MONCTUBOCMI OOCTIONCEHHS BNIUBY PIZHUX (hakmopie
Ha picm 1 pPO36UMOK POCIUH, WO, CBOEI0 Yep20l0, CHPUAIO CMEOPEHHIO HOBUX
BUCOKONPOOYKIMUBHUX COPMIE.

Kniouoei cnoea: Onexciti Co3inog, cenekyisi pociu, (imompoH, 2eHemuxd,
aspapua Hayka, iHHO8aYiliHa Mpancgopmayis

Received 11.03.2025
Received in revised form 27.04.2025
Accepted 29.04.2025

25


https://www.hst-journal.com/

https://www.hst-journal.com Icmopis Hayku i mexHiku 2025, mom 15, sunyck 1
History of science and technology, 2025, vol. 15, issue 1

DOI: 10.32703/2415-7422--2025-15-1-26-46
UDC 340.624.41:343.132.1 343.98.06:611.08

Chitnarong Sirisathitkul

School of Science, Walailak University

222, Thaiburi, Thasala, Nakhon Si Thammarat, Thailand, 80160
E-mail: schitnar@mail.wu.ac.th
https://orcid.org/0000-0002-7837-3515

Yaowarat Sirisathitkul*

School of Engineering and Technology, Walailak University
222, Thaiburi, Thasala, Nakhon Si Thammarat, Thailand, 80160
E-mail: kinsywu@gmail.com
https://orcid.org/0000-0003-2459-0730

*(correspondent-author)

Bloodstain in forensics: From visual inspections to Al-assisted pattern analysis
and age estimation

Abstract. Bloodstains have long served as critical evidence in forensic
investigations, providing insights into the timing and nature of violent crimes. This
article traces the historical evolution of bloodstain analysis, from early visual
inspection to the adoption of modern methods and technologies. Blood pattern analysis
has now advanced into a systematic science and incorporated artificial intelligence
technology, offering quantitative insights into the mechanisms of blood spatter. For
age estimation of bloodstains, DNA analysis extracts temporal changes in genetic
materials from degraded bloodstains. High-performance liquid chromatography
further complemented bloodstain investigations by quantifying biochemical markers
indicative of time since deposition. Spectroscopic methods, including Raman and
infrared spectroscopy, have identified specific molecular vibrations associated with
the temporal degradation of blood components, while optical techniques based on
photon reflection, absorption, and fluorescence provide alternative pathways for
estimating bloodstain age. Smartphone-based colorimetry has emerged as a cost-
effective and portable solution, tracking the visible progression of blood color from
bright red to dark brown over time. Moreover, hyperspectral imaging integrates
imaging and spectroscopy, allowing spatially resolved age estimation by analyzing
spectral data at the pixel level. This article highlights the historical progression and
technological advancements that have shaped bloodstain analysis in forensic
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discipline. By integrating modern instrumentation with artificial intelligence
technologies, the field continues to move closer to reliable on-site analysis. However,
challenges such as environmental variability, substrate effects, and standardization
remain. Continued research and validation are imperative to refine these methods and
establish standardized protocols for forensic applications. This historical and
technical overview underscores the transformative impact of interdisciplinary
innovation on the evolution of bloodstain analysis, bridging the gap between
laboratory research and practical forensic settings.

Keywords: bloodstain pattern analysis;, age estimation, spectroscopy,
hyperspectral imaging, smartphone colorimetry

Introduction.

Blood comprises approximately 45% of the solid components, i.e., platelets, white
blood cells, and red blood cells, suspended in plasma. Its physical properties, such as
density, viscosity, and surface tension, are governed by its composition. Upon leaving
the human body, blood notably undergoes coagulation and eventually drying. The
transformation into a dry stain on the substrate is often accompanied by crack
propagation. In forensic investigations, blood has long been regarded as vital evidence,
aiding in crime scene reconstruction and including or excluding suspects or victims
(Brodbeck, 2012; Das, Harshey, Nigam, Yadav, & Srivastava, 2020; Giulietti,
Discepolo, Castellini, & Martarelli, 2023; Seki, Hsiao, Ishizawa, Sugano, & Takahashi,
2024; Stojanovi¢, Stojanovic, Sorgié, & Cipev, 2020; Stotesbury, Cossette, Newell -
Bell, & Shafer, 2021).

The scientific blood detection in Figure 1 dates back to Ludwig Karol
Teichmann’s pioneering hemin crystal test in 1853 (Kerr & Mason 1926). The human
bloodstains were verified by shape of hemin crystals extracted from a specimen under
test. At the beginning of the 20th century, significant breakthroughs for forensic
applications included the discovery of blood groups based on different types of red
blood cells by Landsteiner (1901) and the introduction of the Kastle-Meyer test, which
identifies bloods by the reaction between phenolphthalein hydrogen peroxide in the
presence of hemoglobin (Glaister, 1926).

1853 1901 1903
@ >
Hemin crystal test Discovery of blood groups Kastle-Meyer test
By Ludwig Karol Teichmann By Karl Landsteiner By Joseph Hoeing Kastle and Oliver March

Shedd and modified by Erich Meyer

Figure 1. Significant milestones in the pioneering of blood detection methods
(Authors' source).

The detection of blood initially relied on visual inspection. At crime scenes, the
distinctive bright red blood and reddish-brown bloodstain are often visible, while
residual blood, even when attempts have been made to remove it, can be revealed using
Luminol sprays. Rudimentary chemical tests can distinguish blood from other reddish
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substances, also found at the place of crime (Edelman, Manti, van Ruth,
van Leeuwen, & Aalders, 2012a). In the laboratory, more advanced tests can verify
whether it is human blood and determine the blood group. Blood evidence’s physical
appearance is recorded in images and documents. For subsequent laboratory analysis,
liquid blood is typically collected using a syringe and stored in tubes with
anticoagulants. Alternatively, a fabric may be used to absorb blood. Dried blood
samples are collected using tape, cotton-tipped applicators, or scrape-off blades. To
prevent degradation, blood samples are refrigerated, and stained samples are dried
before storage. After collection and preservation, forensic analysis plays a crucial role
in extracting meaningful evidence. The introduction of forensic DNA analysis in the
1980s revolutionized criminal investigations, enabling precise identification of
individuals. Since the early 2000s, techniques such as Polymerase Chain Reaction
(PCR) and Short Tandem Repeat (STR) analysis have significantly expanded the use
of DNA profiling in forensic science, supported by databases like the UK’s National
DNA Database and the USA’s CODIS. More recently, advancements in artificial
intelligence (AI) have been leveraged to automate forensic DNA profiling, enhancing
efficiency and reducing human error.

Beyond blood detection, bloodstain pattern analysis and age estimation provide
deeper insights into crime scene reconstruction. The shape, size, and distribution of
bloodstains vary based on the nature of the incident, environmental conditions, and the
substrate on which they are found (Das, Harshey, Nigam, Yadav, & Srivastava, 2020).
For instance, analyzing bloodstains on porous fabric can be challenging, while outdoor
stains are often significantly altered by environmental factors. Early investigations
relied on visual inspection, categorizing stains as fresh, dry, or old based on their spatial
distribution. Accurately estimating bloodstain age is crucial for reconstructing crime
scenes (Weber & Lednev 2020). Various methods, including RNA degradation,
electron paramagnetic resonance (EPR), oxygen electrode analysis, and
chromatography, have been employed for precise age determination (Giulietti,
Discepolo, Castellini, & Martarelli, 2023; Seki, Hsiao, Ishizawa, Sugano, & Takahashi,
2024). These techniques reveal that blood undergoes chemical and physical changes
over time (Bremmer, Nadort, van Leeuwen, van Gemert, & Aalders, 2011; Cadd, Li,
Beveridge, O’Hare, & Islam, 2018). However, despite their high accuracy, they require
extensive sample preparation and time-consuming laboratory analysis (Li, Beveridge,
O’Hare, & Islam, 2013). As alternatives, spectroscopic and colorimetric methods have
gained prominence in bloodstain analysis. These non-contact methods allow for rapid,
in-situ examination, making them highly valuable for forensic investigations
(Bremmer, Nadort, van Leeuwen, van Gemert, & Aalders, 2011; Weber & Lednev
2020).

The purpose of this article is to trace the evolution of bloodstain analysis, from its
early foundations to the emergence of artificial intelligence (Al)-assisted techniques
for reliable on-site forensic investigations. By bridging laboratory research with
practical forensic applications, this interdisciplinary review highlights key
advancements shaping the field. The methodology for collecting and reviewing
relevant literature are described in the next section. Section 3 examines the historical
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development and forensic importance of bloodstain pattern analysis. Section 4
examines key advancements in laboratory-based bloodstain age estimation techniques.
Meanwhile, portable spectroscopic and colorimetric methods have emerged as
promising tools for on-site applications. Section 5 focuses on portable optical and
vibrational spectroscopy, colorimetry, and hyperspectral imaging, highlighting their
recent advancements and ongoing developments in on-site bloodstain age estimation
methodologies. Finally, Section 6 summarizes the discussed methodologies and
provides an outlook on Al integration in forensic bloodstain analysis.

Methodology.

To investigate the historical development and current state of bloodstain pattern
analysis and age estimation, a bibliometric analysis was conducted. A search was
performed in the Scopus database using key terms: “bloodstain,” “blood pattern
analysis,” and “blood age estimation.” This search aimed to evaluate the dynamics of
the scientific community’s interest and the evolution of research trends in various
aspects of forensic bloodstain analysis. After excluding irrelevant publications, 64
research articles were categorized into two main groups: bloodstain pattern analysis
(Section 3) and bloodstain age estimation. The latter was further divided into
laboratory-based methods (Section 4) and on-site spectroscopy and colorimetry
(Section 5). Additionally, key references outside the Scopus database (e.g., books,
websites) were cited for their relevance to the Scopus-indexed articles. The literature
review placed particular emphasis on the advancing roles of smartphone colorimetry,
hyperspectral imaging, and emerging Al-assisted methods in forensic investigations.
The integration of these technologies was analyzed to provide a comprehensive

overview of past developments, current challenges, and potential future directions in
the field.

Bloodstain Pattern Analysis.

Bloodstain pattern analysis involves examining the shapes, sizes, orientations,
locations, and distribution of blood residues at a crime investigation to reconstruct the
physical occurrences that could have taken place (Bergman, Kloden, DreBler, &
Labudde, 2022; James, Kish, & Sutton, 2005; Zou & Stern, 2022). As shown in
Figure 2, the first systematic approach was pioneered by Piotrowski (1895), where he
explored the influence of various forces on the formation and distribution of
bloodstains. Another landmark study was bloodstain trajectory analysis by Balthazard,
Piedelievre, DeSoille, & DeRobert (1939). Bloodstain pattern analysis began to gain
prominence in the 1950s, with the expert testimony of Paul L. Kirk on bloodstains
being accepted as evidence in a US court for the first time in 1957
(EngagedScholarship @ Cleveland State University, 2024). The widespread adoption
of these techniques was championed by Herbert Leon MacDonell, who wrote the book
(MacDonell, 1972) and organized the first formal bloodstain training course in 1973.
In 1983, a group of bloodstain analysts established the International Association of
Bloodstain Pattern Analysts to further advance the field (International Association of
Bloodstain Pattern Analysts, 2024). Over time, the technique has evolved into an
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essential forensic tool, though its accuracy and reliability have been under more
scrutiny in the last decade (Smith, 2018).

1895 1939 1957 /\1972-1973 1983
@ >
&
Publication Bloodstain trajectory Expert Textbook and the first Foundation of the
by Eduard analysis testimony of  [formal bloodstain training International Association
Piotrowski by Victor Balthazard Paul L. Kirk in course by Herbert Leon of Bloodstain Pattern
a US court MacDonell Analysts

Figure 2. Significant milestones in the pioneering of bloodstain pattern analysis
(Authors' source).

Bloodstains are typically classified into three groups, namely passive patterns,
spatter patterns, and altered patterns (Singh, Gupta, & Rathi, 2021). Passive patterns
are created by gravity and include blood pools, drip stains, flow stains, and serum stains
(Singh, Gupta, & Rathi, 2021). Drip stains form as blood falls undisturbed, often taking
a spherical shape unless affected by external forces. Depending on the angle of impact,
these stains may appear as circular drops or elongated marks (SWGSTAIN, 2009).
Spatter patterns consist of small, elliptical, or circular bloodstains created when blood
1s forcefully ejected, such as when a victim is struck by a hard object (James, Kish, &
Sutton, 2005; Rough, Batchelor, Green, & Bainbridge-Smith, 2024). These patterns
provide vital details regarding direction, velocity, and impact’s origin. Altered patterns
arise when bloodstains undergo physical or environmental changes, including
diffusion, dilution, insect activity, or physical actions such as smearing (James, Kish, &
Sutton, 2005). These patterns can obscure or modify the original blood evidence,
complicating forensic interpretation.

Bloodstain patterns dispersed throughout a crime scene can be instrumental in
event reconstruction, providing investigators with a comprehensive understanding of
the events leading to the bloodshed. By systematically distinguishing and analyzing
bloodstain patterns, forensic experts can identify informative features that shed light
on the sequence of events (Comiskey, Yarin, Kim, & Attinger, 2016; James, Kish, &
Sutton, 2005; Latham, 2024). Blood pattern analysis has been extensively applied to
criminal investigations, leveraging common features such as stain morphology and
pattern characteristics to uncover critical insights (Rough, 2024). For instance, a study
of UK case files from 2012 to 2020 revealed prevalent attack techniques, weapons
used, and the frequency of various bloodstain pattern classifications (Home, Norman,
Palmer, Field, & Williams, 2022).

Blood pattern analysis methods commonly rely heavily on practical training
acquired through workshops, trial-and-error approaches, and practitioner experience.
However, empirical research has contributed significantly to refining and
understanding the principles behind bloodstain pattern formation. For example, de
Bruin, Stoel, and Limborgh (201 1) highlighted the importance of larger, elliptical drops
when determining the area of origin of bloodstains. Similarly, Comiskey, Yarin, Kim,
and Attinger (2016) used a blood-soaked sponge to simulate back-spatter formation,
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accounting for factors such as air drag and gravity in their analysis of blood velocities.
In another study, Singh, Gupta, and Rathi, (2021) utilized artificial bloodstains made
with Awlata, an Indian dye, to investigate the correlations between stain properties and
blood drop height. Their findings demonstrated that spine formation was inversely
proportional to the height of the falling blood, while the distance of satellite stains
increased with the drop height.

The classification of bloodstains often relies on grouping samples based on their
morphological features. Statistical approaches, such as the likelihood ratio method,
play a crucial role in quantifying how much more likely observed data is to support
one hypothesis over another. For example, Hook, Fieldhouse, Flatman-Fairs, and
Williams (2024) reviewed ten classification techniques from 14 sources to
systematically classify bloodstain patterns. Zou and Stern (2022) utilized a bivariate
Gaussian model to estimate the feature distributions under particular hypotheses and
applied the likelihood ratio to distinguish between impact and gunshot patterns. In
subsequent research, Zou and Stern (2025) proposed a semi-projected normal
distribution mixture model to describe bloodstain patterns. This model outperformed
the semi-wrapped Gaussian model in clustering synthetic data, highlighting its
potential for more accurate classification.

With emerging Al technologies, machine learning and deep learning can enhance
classification accuracy, decrease human subjectivity in bloodstain analysis, and
minimize computation time, all of which would allow for high-throughput analysis.
For instance, Jung, Jo, Ahn, Jeong, and Lim (2024) explored the use of machine
learning frameworks, such as Convolutional Neural Networks (CNNs), Decision
Trees, and Random Forests, to classify bloodstain patterns. Their findings
demonstrated that the CNN Inception v3 model could automatically classify drip stains
and blood spatters, significantly accelerating investigative processes (Bergman et al.,
2022). Similarly, Rough, Batchelor, Green, and Bainbridge-Smith (2024) employed
computer vision techniques to detect bloodstains in digital images on plain
backgrounds, underscoring the potential of automated approaches in forensic
investigations. This automated bloodstain pattern analysis represents a valuable tool
for analysts and researchers exploring quantitative methods. Furthermore, integrating
blood pattern analysis with the 3D imaging and characterization techniques discussed
in subsequent sections offers immense potential for on-site investigations. Such
interdisciplinary efforts promise to enhance bloodstain analysis’s accuracy, precision,
and interpretability, further advancing its forensic applications.

Laboratory-Based Bloodstain Age Estimation.

After exiting the human body, blood undergoes a series of distinct physical and
chemical transformations over time, driven by the degradation of DNA, RNA, proteins,
and other biomolecules. These temporal changes are critical in forensic investigations,
providing clues about the time since blood deposition. Initially, fresh blood appears
bright red due to the presence of oxygenated hemoglobin (oxy-hemoglobin), which
reflects red light. The oxidation of hemoglobin causes methemoglobin to develop over
time, giving bloodstains a darker brown color. Eventually, hemoglobin is further
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degraded into hemichrome, contributing to a dark brown to black coloration. These
changes are primarily driven by chemical reactions with oxygen in the air and the
breakdown of hemoglobin derivatives.

Forensic scientists leverage these biochemical changes to approximate the time
since blood deposition, a key factor in reconstructing timelines, identifying suspects,
or ruling out individuals in violent crimes. Achieving precise measurements of
bloodstain age in real-world scenarios is challenging due to the influence of numerous
environmental variables, including light exposure, temperature, humidity, microbial
activity, contamination, the kind of substrate the blood is deposited, and the
bloodstain’s thickness. These factors can accelerate or delay the degradation processes,
introducing variability in the interpretation of results. Bloodstain age estimation has
been the subject of significant research since 1907 (Das, Harshey, Nigam, Yadav, &
Srivastava, 2020). Since the beginning of the last decade of the twentieth century,
several researchers have been studying the effects of time on the aging of different
pieces of evidence to ascertain the exact or relative time of their occurrence. Despite
the importance of bloodstain age estimation, due to these complexities, no single
method has been universally adopted for routine use in crime scene investigations.

Since 2020, forensic analyses of bloodstains have increasingly focused on
molecular biology techniques, with DNA and RNA analysis at the forefront. DNA -
based methods have been used to examine changes in specific sequences (He et al.,
2022; Yang et al., 2023), while RN A-based approaches have explored messenger RNA
(mRNA) and microRNA (miRNA) degradation as indicators of bloodstain age. For
example, RNA degradation rates can ascertain the estimated period since deposition,
as RNA is less stable than DNA and degrades at a predictable rate under specific
conditions (Elliott, Stotesbury, & Shafer, 2022; Fang et al., 2020; Heneghan, Fu,
Pritchard, Payton, & Allen, 2021; Manasatienkij & Nimnual, 2021; Wei, Wang, Wang,
Cong, & Li, 2022).

Other biochemical techniques focus on studying hemoglobin and protein
modifications. High-performance liquid chromatography (HPLC) has been used to
measure levels of hemoglobin Alc, a form of hemoglobin that undergoes glycation, as
a function of time (Acar et al.,, 2020). Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) has made it possible to identify specific protein
modifications, such as oxidation, deamidation, and glycation, which provide valuable
indicators for bloodstain age estimation (Heo et al., 2022; Kim et al., 2022; Lee, Lee,
Kwon, Lee, & Kang, 2022; Schneider, Roschitzki, Grossmann, Kraemer, & Steuer,
2022; Schneider, Kraemer, & Steuer, 2023).

Morphological and mechanical changes in red blood cells over time have also
been investigated using advanced imaging techniques. Atomic Force Microscopy
(AFM) has been employed to monitor the elasticity and surface morphology of red
blood cells as they age, revealing distinct degradation patterns (Cavalcanti & Silva,
2019; Strasser et al., 2007). Scanning Electrochemical Microscopy (SECM), a
technique that maps the electrochemical activity of bloodstains, was employed by Tian,
Chen, Ma, and Zhang (2022) to track changes in cell membranes and protein
interactions over time.
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While these laboratory-based methods provide high precision and detailed
insights, they are often impractical for on-site forensic investigations. The reliance on
sophisticated instruments, chemical reagents, and trained specialists makes these
methods  time-intensive  and  resource-heavy  (Seki, Hsiao, Ishizawa,
Sugano, &Takahashi, 2024). Furthermore, the need for controlled conditions in
laboratory environments limits their applicability in real-world crime scenes. Mobile
DNA labs have been developed since the 2010s to enable rapid on-site analysis,
particularly in mass disaster scenarios. However, high equipment maintenance and
operational costs remain significant drawbacks. Concerns also persist regarding their
accuracy and the risk of contamination compared to traditional lab-based methods,
raising questions about their scientific rigor and reliability for use in court. As a result,
the field has seen a growing interest in portable spectroscopic and colorimetric
techniques to close the gap between laboratory precision and practical usability in on-
site investigations.

On-Site Bloodstain Age Estimation.

Modern spectroscopic and colorimetric techniques offer the capability to estimate
bloodstain age with compact instrumentation (Figure 3). The absorption and reflection
of electromagnetic waves at specific wavelengths by the hemoglobin derivatives
provide the basis for spectroscopic and colorimetric analyses of bloodstains (Bremmer,
Nadort, van Leeuwen, van Gemert, & Aalders, 2011; Bremmer, de Bruin, van Gemert,
van Leeuwen, & Aalders, 2012). By measuring the spectral properties of bloodstains
in the laboratory, researchers can estimate their age, as the progression of hemoglobin
degradation follows a predictable timeline under controlled conditions. However, the
practical application of such methods is often limited due to the variability introduced
by external factors. Despite challenges posed by environmental factors, substrate
variability, and measurement conditions (Zadora & Menzyk, 2018), substantial
progress in on-site analysis has been made to mitigate these limitations.

1960s 1970s 1990s 2010s 2020s
¢ P
Establishment Ayssltiseiiion 6 Introduction of On-site bloodstain Advancements in
of reflectance absorbance Vibratior}al analysis by hyperspectral machine learning models
spectroscopy for Spectroscopy spectroscopies for imaging and smartphone for bloodstain age
bloodstain aging bloodstain age colorimetry prediction

estimation

Figure 3. Evolution of on-site bloodstain age estimation (Authors' source).

Reflectance, Absorbance, and Fluorescence Spectroscopies.

In 1960, Patterson proposed that temporal changes in molecular and structural
characteristics of the bloodstain can be detected in reflectance spectra and correlated
with the bloodstain age (Patterson, 1960). Reflectance spectroscopy measures the
sample’s reflection of IR or visible light to gather information about its composition.
By illuminating the sample’s surface, the spectrometer collects the reflected light
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intensity in relation to wavelength, creating a reflectance spectrum. Alternatively, an
early work by Kind, Patterson, and Owen (1972) suggested that the absorbance spectra
could be used in estimating the age of bloodstains.

Subsequent studies in the 2010s sought to enhance the accuracy of these methods.
To manage complex spectral datasets, chemometric methods, including partial least
squares regression (PLSR) and principal component analysis (PCA), have been used
in bloodstain analysis to derive valuable data and facilitate more accurate
interpretations with statistical confidence (Sharma & Kumar, 2018). Bremmer et al.
(2011; 2012) used reflectance spectroscopy to identify the hemoglobin derivatives and
determine the age of blood stains. Li, Beveridge, O’Hare and Islam (2011) employed
spectral pre-processing and linear discriminant analysis to develop a predictive model
for age estimation up to 37 days based on spectral properties of equine blood on a
glazed white tile. Sun et al. (2017) applied 3 chemometric methods to develop a
prediction model for bloodstained aged 2—24 h, 1-7 days, and 7—45 days based on
reflectance spectroscopy. The least-squares-support vector machines (LS-SVM)
outperformed the PLSR and PCA.

Hanson and Ballantyne (2010) demonstrated the use of a Ultraviolet-visible (UV-
vis) spectrophotometer to monitor the blue shift attributed to the modifications of
hemoglobin and its derivatives in bloodstains aged up to 1 year. The effects of
temperature and humidity were also investigated. Bergmann, Heinke and
Labudde (2017) studied bloodstain ageing for up to 3 weeks on different substances
and subsequently studied the effect of the coagulation agent from UV -vis absorbance
spectra of bloodstains (Bergmann, Leberecht, & Labudde, 2021).

On the contrary, fluorescence spectroscopy measures the amount of fluorescent
light that is emitted from a sample after it has been energized by a light source. As a
result of photon absorption, a molecule can enter an excited state and subsequently
emit fluorescence as it returns to its ground state. The technique, therefore, provides
details regarding the molecule structure, energy levels, and chemical environment of
the fluorescent molecules in the sample. In the context of bloodstain age estimation,
fluorescence spectroscopy is employed to examine the temporal changes of
fluorophores in blood, especially tryptophan. Weber, Wojtowicz, and Lednev (2021)
found that the fluorescence intensity significantly decreases within 24 hours, and the
emission spectra exhibit shifts in peak positions. To determine the age of bloodstains,
mathematical models were created using the fluorescence data obtained from blood
samples with known ages.

Vibrational Spectroscopy.

Since 1990s, Fourier Transform Infrared (FTIR) and Raman spectroscopies have
been developed to provide more accurate and detailed analysis of bloodstains. Both
spectra are derived from characteristic vibrational modes and frequencies within
molecules. Because each sample has a unique set of molecular bond vibrations, these
two vibrational spectroscopies can be complemented to characterize different
functional groups (Das, Harshey, Nigam, Yadav, & Srivastava, 2020). The effects of
interfering substances and substrates may also be discriminated (Kistenev, Borisov,
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Samarinova,  Colon-Rodriguez, &  Lednev, 2023; Sharma, Chophi,
Jossan, & Singh, 2021). For FTIR spectroscopy, the frequency of absorbed IR light
equal to the vibration frequency of the functional groups in bloodstains was identified,
and PLSR was often used in the analysis. The linear correlation between FTIR
parameters from characteristic vibration bands and the blood deposition time could be
established and further developed for forensic investigation. Edelman, van Leeuwen,
and Aalders (2012b) compared ageing bloodstains with non-blood controls on cotton
fabrics of different colors. From the Near Infrared (NIR) spectra, the time since
deposition up to 1 month was correctly predicted but the uncertainty was significantly
increased after 10 days. The Attenuated Total Reflection Fourier Transform Infrared
(ATR-FTIR) enhances the sensitivity in determining the functional groups by
incorporating a reflective crystal in the set-up (Alkhuder, 2022). ATR-FTIR with PLSR
was used to compare indoor and outdoor bloodstains ranging in age from 1 to 85 days
(Lin et al.,, 2017). From ATR-FTIR spectroscopy coupled with chemometric
techniques, Kumar, Sharma, and Sharma (2020) obtained the estimation model for up
to 175 days.

In Raman spectroscopy, photons are inelastically scattered by molecules in a
sample. When a laser beam is directed at a bloodstain, the interaction between photons
and the molecules found in the sample causes a shift in the energy levels of the photons,
resulting in scattered light with different wavelengths. This scattered light contains
information on the molecular composition and structure of the sample. Raman
spectroscopy is at the forefront of research and allows for single-point observations.
However, its practical application is currently limited by several factors, including the
high cost of equipment, variability in results depending on the substrate, and the need
for specialized expertise to ensure consistent and reliable measurements (Doty,
McLaughlin, & Lednev, 2016; Seki, Hsiao, Ishizawa, Sugano, & Takahashi, 2024). In
the context of bloodstain age estimation, Raman spectroscopy analyzes the changes in
the molecular components of blood over time. As blood ages, the transformation of
hemoglobin molecules alters their Raman spectra. By comparing the Raman spectra of
bloodstains with known ages to those of unknown stains, the age of the bloodstains can
be estimated based on the degree of spectral similarity or dissimilarity. Various Raman
spectroscopic parameters, such as the intensity ratios of specific Raman bands or the
presence of characteristic peaks, have been explored to develop models for estimating
bloodstain age. These models are typically created using multivariate analysis or
machine learning algorithms to correlate the Raman spectral data with the known ages
of bloodstains. Doty, McLaughlin, and Lednev (2016) used PLSR calibration curves
to predict the bloodstains aged up to 1 week and, in a subsequent work, estimated the
bloodstain age of up to 2 years based on Raman spectra (Doty, Muro, & Lednev, 2017).
More recently, datasets from Raman spectra of bloodstains under varying temperatures
and humidity levels were used to build prediction models using Support Vector
Machine Regression (SVR), Kernel Ridge Regression (KRR), and CNN (Zhang,
Wang, Chen, Tian, & Gao, 2023).
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Colorimetry.

Fresh bloodstains typically exhibit a bright red color, while older stains appear
darker and brownish. This color change is attributed to iron oxidation and hemoglobin
breakdown after leaving the blood vessel. Accurately determining the time since
deposition based solely on color remains challenging due to its sensitivity to
aforementioned environmental factors and lighting conditions during measurement.
However, significant progress in estimating bloodstain age based on color has been
achieved over the past decade. For instance, Thanakiatkrai, Yaodam, and Kitpipit
(2013) captured digital images of bloodstains under controlled lighting conditions
using a light box and analyzed the images with the Image] program on a personal
computer. They examined time-dependent colorimetric characteristics in CMYK,
HSV, HSL, and RGB color spaces and recommended monitoring the M value, which
exhibits a logarithmic decrease over time with the highest R? for estimating bloodstain
age. Several parameters, including anticoagulants, humidity, light exposure,
temperature, and substrate type, which significantly affect the rate of color change in
bloodstains, were also explored in this study (Thanakiatkrai, Yaodam, & Kitpipit,
2013).

A spectrophotometric colorimeter can measure the transmittance and reflectance
of the continuous spectrum to determine the color tone, enabling the explicit estimation
of bloodstain color changes over time (Seki, Hsiao, Ishizawa, Sugano, & Takahashi,
2024). In the 1950s, when spectrophotometry was the primary method of study,
obtaining the reflectance spectrum of the visible light region took almost an hour,
making the process time-consuming (van Kampen & Zijlstra, 1961). Despite its
simplicity and relatively low cost (Kind, Patterson, & Owen, 1972), spectrophotometry
holds high accuracy potential but faces reproducibility challenges, particularly due to
its reliance on broad spectra within the visible light range (Sun et al., 2017). Marrone
et al. (2021) employed a spectrophotometric colorimeter to capture CIELAB/CIELCh
color values over time as blood transitioned from bright red to dark brown. By
correlating these color values with bloodstain aging, they developed predictive models
to estimate the time since deposition. With advancing Al technology, Seki, Hsiao,
Ishizawa, Sugano, and Takahashi (2024) applied machine learning techniques to
estimate bloodstain age by analyzing time-dependent color changes using a
spectrophotometric colorimeter. They quantified the color tone of each bloodstain in
the CIELAB color space and developed a predictive model for bloodstain age using a
random forest regression approach.

The emerging field of smartphone colorimetry harnesses the power of both
smartphone cameras and colorimetric applications (apps) to quantify colors. The
“Smart Forensic Phone,” an Android-based smartphone app developed by researchers
at Yonsei University, was a significant advancement in crime scene analysis
(Shin et al., 2017). This app utilized colorimetric analysis in the HSV color space of
the V value to rapidly determine the time since blood deposition on five different
substrates. However, it should be noted that the colorimetry approach may not be as
effective beyond 42 hours, as bloodstain colors tend to exhibit minimal changes after
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this time. Furthermore, the Yonsei research group has expanded their work by
incorporating classification and pattern recognition capabilities for cracks and blood
pools in smartphone images to determine bloodstain age while still relying on the V
value from the colorimetric study (Choi, Shin, Hyun, Song, & Jung, 2019). Dinmeung,
Sirisathitkul, and Sirisathitkul (2023) used the iPhone application called “Colorimeter
X to analyze the bloodstains left on tissue papers and cotton fabrics over one to eleven
days, corresponding to the CMYK, HSV, and RGB color schemes. They observed
linear decreases in R, G, B, and V values as the temporal transitions from bright red to
dark brown. The V value has the highest R2 based on linear least square fitting. The
increase in the K value during the blood aging process was identified as an additional
effective metric to support the B, R, and V values in estimating the bloodstain age.
Besides the colorimetry, Li et al. (2023) demonstrated that images of bloodstains could
be analyzed by deep learning-based BloodNet and correlated their pattern to the time
since deposition.

Hyperspectral Imaging.

Since 2012, hyperspectral imaging has been utilized to assess the age of
bloodstains, offering a cutting-edge approach to forensic analysis. This technique
captures images across multiple electromagnetic spectrum wavelengths, typically
spanning visible and nearinfrared regions, using advanced portable devices. The
resulting data, known as a hypercube, gives a spectrum for each pixel (x, y) and an
image for each wavelength, enabling detailed characterization of the reflectance or
absorption of various substances within the samples (de Cassia Mariotti, Ortiz, &
Ferrao, 2023). Edelman, van Leeuwen, and Aalders (2012b) correlated the spectral
characteristics with the relative amount of hemichrome, methemoglobin, and
oxyhemoglobin in bloodstains, leading to a non-destructive approach for estimating
age up to 200 days. Li, Beveridge, O’Hare, and Islam (2013) investigated spectral
variations in bloodstains over time and developed a model for estimating age up to 30
days based on the collected hyperspectral images and linear discriminant analysis.
Their model was particularly accurate within the first 7 days but had a higher error rate,
particularly after 14 days. Cadd, Li, Beveridge, O’Hare, and Islam (2018) focused on
the bloodstained fingerprints and observed the variation in visible light absorption by
hemoglobin derivatives with bloodstain age. With Forenscope-Mobile Multispectral
UV-VIS-IR Imaging Systems, Kaya, Karadayi, Karadayi, and Cetin (2023) studied
bloodstains of varying ages on textiles under various washing circumstances. Giulietti,
Discepolo, Castellini, and Martarelli (2023) utilized hyperspectral images of
bloodstains deposited on nine different substrates, varying in color and composition,
to estimate the age of bloodstains using a multilayer perceptron regression model.
Unlike other methods based on hemoglobin kinetics, this approach overcomes the
limitations posed by environmental factors such as temperature, humidity, and others.

Conclusions and Outlook.
Since its inception, the forensic science of bloodstain analysis has undergone
significant evolution, with its roots tracing back to early visual approximations of
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bloodstain characteristics. The pattern of bloodstains has always been crucial in
forensic investigations. Moreover, blood pattern analysis provides valuable insights
into the mechanics of bloodshed at crime locations. By examining the size, shape, and
distribution of bloodstains, investigators can infer key details, including the angle of
impact, the velocity of blood spatter, and the nature of the force involved. Historical
advancements in this field, from early qualitative assessments to modern computational
modeling, have transformed it into a powerful tool for reconstructing events.

Over time, advancements in technology have expanded the scope of bloodstain
analysis to include age estimation alongside blood pattern analysis, providing critical
insights into the timing of criminal events. In its earliest days, investigators relied on
simple observations of color changes in drying bloodstains, which could only offer
rudimentary estimations. Integrating spectroscopy and colorimetric techniques has
significantly improved the accuracy and applicability of bloodstain age estimation.
Raman Scattering and FTIR spectroscopy have emerged as non-destructive methods
for characterizing molecular vibrations in blood components, allowing for detailed
assessments of chemical changes that occur as bloodstains age. Similarly, UV -visible
spectroscopies, including reflectance, absorbance, and fluorescence, exploit the
interaction of light with blood to extract valuable information about hemoglobin
degradation and other biochemical markers over time. These advancements in optical
methods have moved forensic science closer to reliable, on-site applications for age
determination.

Alongside spectroscopy, hyperspectral imaging has proven particularly promising
by combining imaging with spectral analysis to comprehensively assess bloodstains
across a wide range of wavelengths. This approach not only aids in age estimation but
can also offer spatial context for interpreting bloodstain patterns, bridging the gap
between quantitative analysis and visual interpretation. Additionally, smartphone-
based colorimetry has emerged as a cost-effective and portable alternative, enabling
investigators to track colorimetric changes in bloodstains over time with high precision.
However, environmental factors such as temperature, humidity, substrates, and stain
thickness remain challenges, potentially influencing the accuracy of these methods.

Integrating Al technologies into bloodstain pattern analysis and age estimation
represents a transformative advancement in forensic science, offering a more precise,
objective, and high-throughput approach to interpreting bloodstains. Machine learning
and deep learning frameworks, such as CNNs, decision trees, random forests, support
vector machines, and multilayer perceptron models, have demonstrated remarkable
potential in classifying bloodstain patterns, estimating bloodstain age, and minimizing
the impact of environmental variables. The combination of spectroscopy, hyperspectral
imaging, and colorimetric analysis with Al-assisted predictive modeling is enhancing
the accuracy and applicability of bloodstain analysis across forensic investigations.

Despite these advancements, several challenges remain. The lack of standardized
protocols and the influence of external factors such as temperature, humidity, and
substrate properties continue to affect model generalizability. Future research must
prioritize the expansion of large-scale, high-quality datasets encompassing a wider
range of conditions to improve model robustness. The development of more adaptive
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and interpretable Al models, capable of integrating multimodal data sources, including
spectral, colorimetric, and spatial pattern information, could significantly enhance
forensic reliability.

Moreover, interdisciplinary collaboration between forensic scientists, Al
researchers, and law enforcement agencies will be critical in translating these Al-driven
methodologies into practical forensic applications. Efforts to validate Al models
through repeated experiments, cross-laboratory testing, and calibration refinements
will be essential to ensure their credibility in judicial proceedings. Additionally, the
integration of automated 3D imaging, real-time computer vision systems, and
explainable Al could further refine the forensic workflow, making on-site bloodstain
analysis more accessible and interpretable for investigators. By addressing these
challenges, the integration of Al in forensic bloodstain analysis will continue to push
the boundaries of forensic science, enabling more reliable, rapid, and scientifically
rigorous bloodstain interpretation that withstands scrutiny in legal contexts.
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Ilnsimu KpoBi B cy10BO-MeAUYHIN ekcnepTusi: Bix BiyaJjbsHoro orasiay 1o
aHaJIi3y 3pa3KiB Ta OMIHKHU 4Yacy 3a qonomoror I

Anomauia. Kpog’sani nisimu 0aGHO Cydcamv BANCIUBUM OOKA30M ) CYO0B80-
MeOUUHUX PO3CAIOYBAHHSAX, HAOAIOYU 8I00MOCMI NPO YaC MA NPUPOOY HACUTbHUYLKUX
3104uHie. Y cmammi npociioko8yeEmMvbCs iICMOPUUHULL PO3BUMOK AHANI3Y KPO8 SIHUX
NJISIM, 8I0 NOYAMKOBOI 8I3YANbHOI IHCNEKYil 00 8NPOBAOINCEHHS CYUACHUX MemOodi8 ma
MexHoN02TU. AHANi3 KpO8 sIHUX NIAM menep Cmas CUCMEMHOI0 HAYKOO 1 IHmezpysas
MEexXHON02ll WMYYHO20 IHMEeNeKmy, HAOArYU KiIbKICHI 8100MOCMI NpO MeXaHizmu
PO30pU3Ky8anHs Kpoei. /[nsi OYinKy 4acy Kpos sHUX NJAM 8UKOPUCTNOBYEMbC AHANI3
JIHK, saxuii 0036015€ SUABUMU MUMYACOBL 3MIHU 8 2eHeMUYHUX Mmamepianax i3
Odecpadosanux niam Kposi. Bucokonpodykxmusna piounna xpomamozpagis 0onosHuia
00CNIOJHCEHHS KPOB8 SHUX NISAM, KIIbKICHO 6U3HauYaiouu OIOXIMIUHI MapKkepu, wo
8KA3VIOMb HA YAC 3 MOMeHmY ix 8ioxknadeHHs. CneKmpoCKoniuHi mMemoou, 30Kpema
Ppamaniecoka ma iH@pavepeoHa CHeKMpOCKONIs, SUABUNU CHEYUDIUHI MOAEKVIAPHI
8ibpayii, noe’s3ami 3 MUMYACOB0IO 0e2padayiclo KOMNOHEHMI8 Kposi, Mmool K
ONMUYHI Memoou Ha OCHO8I 8i0bumms Gomonis, abcopoyii ma gayopecyenyii
NPONOHYIOMb ANbMEPHAMUBHT ULTAXU OJI51 OYIHKU 8IKY Kpo8 anux nisam. Koropumempis
Ha 6a3i cmapm@oHie cmana eKOHOMIYHO eheKmusHUM | NOPMAMUBHUM PILUEHHSM,
giocmedcyouu UOUMY 3MIHY KOAbOPY KpPOBi 8i0 ACKPABO YEPBOHO20 00 MEMHO-
KOpuuHeso20 3 uyacom. binbuwe moeo, cinepcnekmpanvHa 8i3yanizayisi noEoHye
gizyanizayito i CHEeKMpPOCKONIlo, 00360JI0UU OYIHIO8AMU BIK 3 NPOCHOPOBOIO
PO30INbHOI 30AMHICINIO, AHATI3VIOYU CHEKMPATIbHI OaHl HA pieHi nikcenig. Y cmammi
NIOKPeCcIoeEMbCsl  ICMOPUYHULL  PO3BUMOK  MA  MEXHON02IYHI  OOCACHEHHs,  SIKI
chopmysanu ananiz Kpog sHux nisam y cy0080-meOuyHiu oucyuniiui. [nmeepyrouu
cyyache obnaonanna 3 mexronoziamu LI, ys canyse Habaudxcacmvcs 00 HAIUHO20
ananizy Ha micyi. [lpome icnytoms npobiemu, maxi K 6apiamusHicms cepedosulya,
enaue cyocmpamise ma cmanoapmu3sayis. [Ipoooesacenns oocniodicenb ma eanioayis €
HeoOXIOHUMU Ol BOOCKOHALEHHS YUX Memo0di8 I 6CIMAHOGIEHH CINAHOAPMU308AHUX
NPOMOKONI8 0 Ccy0osux 3acmocyeans. llen icmopuunuti ma mexHiYHUL 020
NIOKpecnoe mpancGopmyouutl 6naue MidCOUCYUNTIHAPHUX THHOBAYIN HA PO3BUMOK
AHanizy KpPo8 saHUX NsAM, W0 NOEOHYE OOCNIONCEHHS 8 1abopamopii ma npakmuine
3acmocy8anHts 8 Cy0080-MeOUYHUX YMOBAX.

Knwuosi cnoea: awmaniz naam Kpogi, OyiHKa 4acy, CNeKmpOCKONis;
2inepcnekmpanivbHa 8i3yanizayis, KoJIopuUMempis Ha cMapmeoHi
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Abstract. The practice of medicine in Georgia has its roots in antiquity and is
deeply intertwined with the medical traditions of ancient Greece and Rome. This rich
scientific heritage is clearly reflected in early medieval Georgian medical traditions.
In medieval Georgian historical writings contain specialized medical texts and
treatises, demonstrating the advanced state of medical knowledge at the time. Among
these texts, the Ilth-century Georgian medical text Ustsoro Karabadini
(“Incomparable Medical Handbook”) holds particular significance as an original
Georgian medical treatise incorporating not only Georgian medical expertise but also
insights from both ancient and medieval European medical traditions. The parallels
between this text and Western European medical treatises are apparent from the very
beginning. The text incorporates the Hippocratic and Galenic concept of the four
humors, outlining the ailments linked to each humor and their respective treatments.
Additionally, Ustsoro Karabadini offers health recommendations based on seasonal
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changes, describing the challenges the human body faces throughout the year and
providing guidance on overcoming illness and maintaining proper nutrition. The
treatise also includes noteworthy insights into pregnancy, gender prediction, and
childcare practices. It places particular emphasis on a balanced diet, detailing the
appropriate consumption of plant- and animal-based foods. A notable section is
dedicated to the medicinal benefits of wine, a subject deeply ingrained in both
Georgian and European traditions, where it was closely associated with daily life and
sacred significance of Christian rituals. The analysis of these treatises clearly
demonstrates that, similar to Europe, Georgia developed agricultural practices,
particularly the cultivation of vines and cereals. Historical and archaeological
research confirms that the tradition of cultivating grapevines and wheat in the
Caucasus region dates back to the Neolithic era. The Georgian territory is considered
one of the oldest centers of viticulture and wheat cultivation. An analysis of medical
treatises reveals that prolonged engagement with these agricultural practices both in
the Georgian and broader European contexts contributed to the discovery of similar
medicinal properties associated with these crops. A comparative analysis of Ustsoro
Karabadini and European medical treatises suggests that Georgian medicine was
significantly influenced by both European and ancient (Greek-Roman) medical
traditions, sharing many common characteristics with them.

Keywords: Middle Ages; medical book, Georgia; medical treatises; Ustsoro
Karabadini

Introduction.

The history of medicine is divided into different periods with modern approaches
linking 1its achievements to different civilizations or historical epochs. Western
medicine, reflecting the dominance of Western civilization, originates from European
history. However, it is widely accepted that medical progress is the result of collective
efforts by different nations (Kashif, 2008, p. 154). Like other scientific fields, medicine
underwent a complex and fascinating stage of development during the Middle Ages.

The daily life of medieval individuals and society as a whole was filled with
dangerous challenges and threats. Coping with wounds, injuries, epidemics, and
infections was a crucial aspect of everyday existence. The medical field of this period
encompassed diverse elements, including traditional healing methods, incantations,
magic, relics of saints, and even the phenomenon of the “royal touch” (Alford, 1979,
p. 380). Despite these mystical aspects, medieval medical treatises preserved a wealth
of essential knowledge that contributed to the foundation of modern medicine. These
treatises contained extensive information on the nature and symptoms of diseases, often
incorporating elements of magical beliefs (Luscombe, 2008, p. 484). They exemplified
the synthesis of classical medical knowledge with local folk practices and traditional
belief systems. (McVaugh, 1997, p. 55). The works of Hippocrates (c. 450-370 BCE)
and Galen of Pergamon (129-200 CE) became the cornerstone of medical traditions
for Mediterranean civilizations (Conrad, Neve, Nuton, Porter, & Wear, 1995). In
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addition to ancient traditions!, medieval medical treatises from various European
regions included extensive knowledge on the medicinal applications of plants, animals,
and minerals specific to certain ethno-geographical environments (Stannard, 2013,
p. 47). Comparable medical theories are documented in early and high medieval
European treatises, such as Isidore of Seville’s Isidori Etymoligiarum Sive Originum
Liber 1IV: de Medicina, the 6th-century treatise “On the Wisdom of the Art of
Medicine” (Sapientia Artis Medicinae), the 11th—12th-century Salerno medical treatise
(Regimen Sanitatis Salernitanum), as well as in the recommendations of prominent
13th—14th century Italian and Spanish physicians.

During the early Middle Ages, medicine was deeply intertwined with religious
doctrines and magical beliefs. However, beginning in the 11th century, it gradually
developed into a distinct scientific discipline, experiencing a revival unparalleled since
the time of Galen (Cumston, 1926, p. 212). This period is considered a turning point
when classical medical traditions were consolidated into treatises and integrated into
university curricula. Simultaneously, folk healing methods and elements of magic
began to fade into the background (McVaugh, 1997, p. 54).

From the 11th century onward, the study of ancient medical heritage became more
active, with significant influence from the works of Islamic scholars. Karabadini texts
gained widespread popularity and were also disseminated in Europe. These works
played a crucial role in the advancement of medicine, serving as a bridge between
Western and Eastern cultural heritage (Abuladze, 2010, p. 11). In Georgian medical
science, it 1s widely accepted that knowledge from the classical Greco-Roman period
was transmitted primarily through the Eastern Arab-Persian route, with Byzantine
influences also playing a role to some extent. In turn, the Arab-Persian medical
tradition was profoundly shaped by this classical heritage.

In the Middle Ages, the medical system, which included monastic professional
medicine and folk medicine, also covered family-line and military medicine, bringing
together practitioners of various statuses. This system united “skilled” professional
doctors, “healers of the soul and body, physicians”, folk healers, and military
physicians. It was not uncommon for one individual to serve as both a healer of the
soul and body or to hold roles as a military doctor and a practitioner of family-line
medicine. (Mindadze, Antadze, & Chelidze, 2023).

In Georgia, which was once part of the ancient and Hellenistic worlds and later
became a crossroads between Eastern and Western civilizations, early accounts of

!Ancient authors such as Dioscorides (1st century AD) in his “De Materia Medica”, Pliny the Elder (AD 23-79) in
“Naturalis Historia”, and Claudius Claudianus (4th—5th centuries AD) in “In Rufinum” noted the rich diversity of
medicinal herbs found in Georgia, specifically in the region historically known as Colchis. They observed that
identical or similar herbs were also present in regions such as Galatia and Messina, where these herbs were similarly
employed for therapeutic purposes. Claudianus further remarked that the mythical figures Medea and Circe gathered

various medicinal and toxic herbs in the mountainous areas of the Caucasus and Scythia (Caucasus Antiquus.
Encyclios Disciplina, 2010, p. 311; p. 593; p. 687).
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medical practices and diseases can be found, even during the early spread of
Christianity.?

It is noteworthy that in the 10th century, considered a pivotal era for the
development of medicine in Europe, a Georgian medical treatise known as Ustsoro?
Karabadini was created (Kanaanite, 1940). While it is not the only medical treatise*
produced in medieval Georgia, it is distinguished by being an original work, rather than
a direct translation, and is recognized as the oldest surviving Georgian medical text
(Shengelia, 1980). Information about the evolution of medieval medicine can also be
found in Georgian sources.

It is known that King David IV the Builder® “established a xenon® in a suitable
and beautiful location, where he gathered individuals (brothers) suffering from various
ailments and provided them with all necessary care” (Kaukhchishvili, 1955, p. 331).
Similar to European traditions, Georgian medical practices were strongly influenced
by religious institutions. Numerous medical and cultural centers, along with hospitals,
were established both within Georgia and beyond its borders, including at the Iviron
Monastery on Mount Athos, the Georgian Lavra of Sabatsminda, the Gelati Monastery,
and the ecclesiastical-cultural centers of Tao-Klarjeti (Shengelia, 1980, p. 100).
Moreover, Georgian medical treatises reflect a fusion of both Western and Eastern
medical traditions, shaped by the region’s unique geographical position (Shengelia,
1999).

Medieval Georgian literature also contains medical texts that address topics in
physiology and anatomy. These works include both original compositions and
translated exegetical or apocryphal writings. Notable examples include at the “Creation
of Man” translated by Giorgi Mtatsmindeli (11th century) and “On the Nature of Man”
translated by loane Petritsi (11th century).

Additionally, it is worth mentioning that Chapter XXX of the significant 10th-
century Georgian manuscript, the Shatberdi Codex (copied at the Shatberdi
Monastery), titled The Creation of Man, is a translation of a Greek treatise. Also,
various works by Georgian translators, editors, and philosophers.

The medical treatise mentioned above is quite voluminous and contains a wealth
of interesting information. “Ustsoro Karabadini” follows the traditional approach

2 The hagiographic work “The Life of Saint Nino” by Leonti Mroveli, the author of “The Life of Kartli”, contains
references to these issues. According to him, folk healers existed in the Kingdom of Kartli during this period
(Mindadze, Antadze, & Chelidze, 2023).
? Ustsoro (Georgian: »)ufjm®m) — Incomparable, flawless. There are differing views in historiography regarding the
time of the creation of this work. Some believe it was written in the 10th century, although its creation dates do not
go beyond the 10th-11th centuries (Kuchianidze, 1997. P. 51-52).
4 It should be noted that “Tsigni Saakimoi” (the Book of Medicine) was created in the first half of the 13th century
(1206). However, this treatise represents a translation of Eastern medical traditions. The book entered Georgia during
the reign of Queen Tamar (1184-1210), following a battle between the Georgians and the army of Sultan Rukn ad-
Din of Rum. Along with the vast spoils of war, the Georgians acquired this medical treatise, which had been
translated from Arabic into Georgian by the former Khoja (Kotetishvili, 1936, p. XXIII-XXVI; Shengelia, 1980, p. 5;
Samushia, 2023, p. 78).
> David IV Bagrationi, King of Georgia 1089-1125.
6 Xenon is a Greek word: in ancient times in Georgia, it was the name for a place where patients were received, a
hospital.
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typical of manuscripts of this kind. It consists of three main sections and is divided into
chapters (Heads, Georgian: o530). These include a general philosophical description
of medicine, medical advice, and then a list of diseases and their treatment methods,
medical principles, anatomical, physiological, and pharmacological concepts, specific
pathology and therapy, general gynecology, skin diseases, treatment methods for
fractures, burns, and bites. It also covers hygienic and dietary concepts, as well as
descriptions of medicines (Kanaanite,” 1940, pp.XI-XVIII; Kuchianidze,
1997, pp. 46-50).

The goal of this article is to identify parallels between the treatment methods
outlined in the 11th-century Georgian medical treatise and those found in medieval
European medical texts, as well as to examine the medicinal properties or potential
harmful effects of various plants and food products. Based on these similarities, we
aim to compare and analyze Georgian and European medical traditions. Furthermore,
our research seeks to explore the extent to which Western medical knowledge,
alongside Eastern influences, was incorporated into Georgian practice, and whether
both traditions, by nature, followed similar approaches to treatment.

Research Methods.

The methodology of our research is primarily grounded in source study, which
has determined the use of both general scientific and specialized research methods.
Analyzing medical treatises allowed us to apply various historical research approaches.
Since the basis of the study was the selection of the original Georgian source, we
attempted to compare it with corresponding European sources. Throughout the
research process, we utilized methods of comparative and critical analysis of the
sources.

In the European academic context, the history of medicine has long been a subject
of extensive and multifaceted scientific research. In contrast, research into the history
of Georgian traditional medicine has developed mainly during the second half of the
20th century. This research encompasses both the study of Georgian medical treatises
and the analysis of rich medical knowledge embedded in Georgian ethnological
traditions.

Significant contributions to the field have been made by scholars such as
M. Shengelia, L. Kotetishvili and N. Mindadze, whose works have significantly
deepened our understanding of the history of Georgian medicine. Medieval Georgian
medical treatises contain a wide range of information and have significant potential for
interdisciplinary study.

" The author of this book is some person from Kanaan - Kanaanite, whose identity and origin remain unknown. On
the margin of page 36 of the text, there is an inscription where the writer asks for God's forgiveness: “Whoever reads
this, may God command forgiveness for the Kanaanite”. Therefore, the author is referred to as “Kanaanite” in
historiography. Scholars believe that he is Georgian. The references in the Karabadini reflect the Georgian reality of
the time, which is confirmed by his extensive knowledge of the Georgian language, terminology, and customs.
Although the Karabadini is heavily influenced by Byzantine and Arab medical knowledge, it also incorporates a
significant amount of Georgian medical tradition in its texts (Kanaanite, 1940, pp. VIII-IX) (Samushia, 2023, pp. 34-
35).
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The subject of our research introduces a new perspective both in the Georgian and
wider European scientific space. The originality of our research lies in its focus on a
specific Georgian medical treatise and its deliberate goal: to identify parallels with
modern European medical practices and to analyze the underlying reasons for these
similarities.

Results and Discussion.

During the study of this issue, it became evident that identifying and highlighting
the similarities between Georgian and Western healing traditions was essential. One
similarity, which is immediately noticeable in both the Ustsoro Karabadini and
Western European works, is the theory of the four humors® proposed by Hippocrates
and Galen. According to this theory, the healthy human body is composed of a balance
of four fluids: blood, phlegm, yellow bile, and black bile (Jouanna, 2012, p. 335).
Disease was considered as the disruption of this balance of humors (Boylan, 2007,
p. 212; Mendelsohn, 2013, p. 69).

It is stated in the Georgian medical treatise “...we have observed the signs and
qualities of all four substances: blood, yellow bile, black bile, and phlegm” (Kanaanite,
1940, p. 8). Following this, the signs of diseases caused by each of these fluids and
ways to address them are described. The information on the theory of the four humors
is preserved in numerous written works from the early Middle Ages. Notably, a passage
from Isidore of Seville (560-636) stands out (Isidori Etymologiarum Sive Originum
Liber IV: de Medicina) (Sharpe, 1964, pp. 55-56), as well as the treatise Sapientia
Artis Medicinae (Wisdom of the Art of Medicine) from the 6th century (Wlaschky,
1928, pp. 104—105). The most detailed similarity, however, is found in the 11th—12th
century Salernitan medical treatise Regimen Sanitatis Salernitanum (The School of
Salernum, n.d., pp. 115—-121). The identity of these sections is an excellent illustration
that, just like in European treatises, the Georgian medical work firmly reflects Greek
and Roman healing traditions’.

To contextualize these findings, we should examine the European analogs of the
general therapeutic recommendations outlined in the Georgian medical treatise.
Although the Karabadini is extensive, notable parallels can be identified in several

& Theory of the four humors.

® How did antique medical knowledge likely enter Georgia? It is presumed that Arab rule and the growing Arab
community in Tbilisi had a significant impact on all aspects of Georgian society. One example of this influence is the
famous 12th-century Thbilisi-based Arab scholar Abu al-Fadl Hubaysh al-Tiflisi (Japaridze, 2012, pp. 61-68). He
wrote numerous works on philosophy, medicine, astronomy, and other fields. Of particular note is his Kitab al-
Adwiya ("The Handbook of Remedies"), written in Arabic in the 1030s. It consists of tables listing medicinal
substances' names, preserved in Persian, Greek, Latin, and Syriac. It is likely that the knowledge of this Tbilisi-based
Arab scholar influenced Georgian medical treatises. In Georgian medical scholarship, it is widely accepted that
antique knowledge spread through the Eastern Arabic/Persian route. The Arab-Persian medical tradition itself was
profoundly influenced by ancient classical heritage. A clear example of this is the work of one of the most influential
Arab physicians of the 10th century, Ibn al-Jazzar. His works were extensively used in medieval European and Jewish
medical education, and his writings were considered a mandatory part of the European medical curriculum
(Makaryan & Avetisyan, 2023, p. 223).
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European medical texts, as evidenced by their shared discussions of general therapeutic
principles.

“Ustsoro Karabadini” provides information on the changing of the seasons and
the challenges that arise for the human body as a result. According to the Georgian
source: “In March, April, and May, the blood boils [...] the mood is hot and moist, and
similarly, during these three months, the mood is hot and moist, and the blood boils
[...] the hands should be opened” (Kanaanite, 1940, p. 26).

According to Sapientia Artis Medicinae, “From March onwards, there is an
increase in all bodily fluids, especially blood. This causes irritation and swelling in
both the body and mind. To alleviate this unhealthy state, bloodletting from the vein is
recommended” (Wallis, 2010).

The medical treatise known as Regimen Sanitatis Salernitanum also mentions
that: “In spring, the blood boils twice as much (is more active) as in other seasons, in
the spring, open the vein and let the blood out” (Harington, 1953, p. 90).

In this case, all three medical treatises highlight that, during spring, blood
becomes the most active of the four bodily fluids, leading to various challenges for the
human body. To address this issue, all sources recommend bloodletting as the solution.
This practice, widely used in ancient Egypt, Greece, and Rome, continued to be a
common treatment throughout the Middle Ages (DePalma, Hayes, & Zacharski, 2007,
p. 132).

Similar advice appears in both the Georgian source and European medical
treatises regarding sleep: According to The Ustsoro Karabadini, “A long sleep [...]
harms a person, weakens his strength, burdens his head, and adds to the disease. |[...]
Sleep should be taken in such a way that first lie on the right side, then on the left, for
the parts of body alignment. Lying on the back makes the body rest well, but all the
illnesses from the stomach will settle on the back™ (Kanaanite, 1940, pp. 418—419).
The harmful effects of long sleep are also discussed in the aforementioned Salernitan
treatise. According to Regimen Sanitatis Salernitanum, “Long sleep will burden the
head, weaken the body, and add moisture” (Thorpy, 2011, p.24). As for
recommendations regarding the proper sleeping positions, a similar analogy can be
found in a letter by the Valencian physician Pedro Pagarola, written in 1315 to his two
sons. The Spanish physician advised his sons: “Except in rare cases, avoid sleeping on
the back, as it can cause many problems. Sleep on your side or on belly. First lie on the
right side, then on the left (Thorndike, 1931, pp. 17-18)”.

The Georgian treatise offers an interesting observation and method for
determining the sex of an unborn child during pregnancy. According to the Ustsoro
Karabadini: “If the right foot steps forward first while walking, it indicates a boy, and
if the left foot steps forward first, it indicates a girl. If the right breast is clear and
cheerful, and lightly swollen, it indicates a boy” (Kanaanite, 1940, p. 158).

While not entirely identical, a similar idea is found in several European treatises.
A noteworthy example comes from the text of the 11th-century Italian physician,
Constantine the African (also known as Monte Cassino). According to Constantine the
African: “If the man's right testicle is larger, the offspring will be male, whereas if the
left testicle is larger, the offspring will be female. [...] If the sperm reaches the left side
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of the uterus, a female will be born; if it reaches the right side, a male will be born. [...]
The organs on the right side of the body produce male progeny, while those on the left
side produce female progeny” (Delany, 1969, pp. 58—59).

In the section on newborn care, the Georgian source emphasizes the selection of
a wet nurse, detailing the specific criteria that the caregiver should meet. According to
the Ustsoro Karabadini: “The wet nurse should be of good character, not old, [...] she
should be intelligent, not heavy when walking, should not be unnecessarily pained, so
that there is no hidden cause inside her body, neither fat nor thin, [...] should not eat
harmful or spicy food, otherwise, her milk will be deficient” (Kanaanite, 1940,
pp. 158—-159).

Similar criteria for choosing a wet nurse are emphasized by the 13th-century
Italian physician Aldobrandino of Siena. In his medical treatise Régime du Corps, he
developed the idea that “When selecting a wet nurse, her age, body shape, character,
and condition of her breasts must be considered. She should be 25 years old, neither
very thin nor very fat, but most importantly, she should be healthy. [...] She should be
intelligent, not sad, foolish, or shy. [...] She should not eat onions, wild mustard, garlic,
mint, or other strong-tasting foods that would spoil the milk” (Landouzy, Pépin, &
Thomas, 1911, pp. 76-77).

Similar parallels can be found in treatments for dog bites, particularly in dealing
with bites from rabid dogs. According to the Ustsoro Karabadini, when a person is
certain that the dog was rabid, it recommends the use of several products in treatment:
“Apply honey on top, [...] two onions [...] mix with a bit of melted butter and apply it”
(Kanaanite, 1940, p. 413)

The same substances and food products are suggested for treating victims of rabid
dog bites in the X Anglo-Saxon medical treatise, known as Bald's Leechbook (also
Medicinale Anglicum) (Getz, 1998; p. 48; Kesling, 2020). According to the Old
English text: “For a rabid dog bite, first apply a mixture of agrimony and honey [...]
Take onion, fry it, and mix with butter [...] Apply it to the wound to expel the poison”
(Cockayne, 1865, p. 145).

In both Georgian and European treatises, plant-based and animal-based
substances are presented as methods of treatment. There are cases where the
incompatibility and harm of certain foods or drinks are discussed. Additionally, there
are given recommendations to avoid the simultaneous consumption of two products.
The author of the Ustsoro Karabadini states that: “If you eat cheese, it is not right to
eat fish. [...] It is heavier than fish and will disturb the heart” (Kanaanite, 1940, p. 433).
This incompatibility between the two foods is also noted in the previously mentioned
Salernitan treatise: “If you eat eel and cheese on the same day, it will disturb your
stomach and heart” (The School of Salernum; Regimen Sanitatis Salernitanum, n.d.,
p. 37). Additionally, the Valencian physician in his letter to his sons warns against
combining fish and dairy products: “Beware of consuming dairy products and fish on
the same day, as it leads to leprosy and other ailments” (Thorndike, 1931, p. 17; Wallis,
2010, p. 503).

It should also be noted that the Ustsoro Karabadini and the letter from Valencian
physician Pedro Pagarola both share the same attitude on avoiding the combination of
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milk and wine. The Ustsoro Karabadini advises: “If a person drinks milk and does not
eat anything else he should not drink wine, until it digests and goes out” (Kanaanite,
1940, p. 433). “Beware of consuming milk and wine at the same meal, as the mixture
causes indigestion and other misfortunes” (Thorndike, 1931, p. 17; Wallis, 2010,
p. 503).

Extensive references to wine can be found in both Georgian and European
treatises, as it was not only a common daily beverage but also held sacred significance
in Christian society. According to the Ustsoro Karabadini, moderate wine consumption
promotes bodily health: “A man who drinks wine in moderation preserves his health
and avoids drunkenness”. (Kanaanite, 1940, p. 457; Kuchianidze, 1997. pp. 123—-124).
A similar assessment of wine's effect on the human body is provided by Aldobrandino
of Siena: “If wine is consumed in moderation, it will calm the person's mood,
strengthen the body, and slow down aging” (Landouzy, Pépin, & Thomas, 1911,
pp. 19-20; Jones, 1984, p. 107).

In the “Ustsoro Karabadini”, there is also a discussion of the problems caused by
excessive consumption of wine. From many examples, we can highlight one: “Wine
can cause illness, as it can lead to a swelling of the throat” (Kanaanite, 1940, p. 458).
Excessive consumption of wine is also mentioned as the cause of swelling in various
organs in the Salerno treatise: “Wine, when consumed properly, is a good liquid;
however, if consumed improperly, it may cause tumor wherever it reaches” (Harington,
1920, p. 30). However, wine is still considered a beneficial drink, as Karabadini
suggests that if a sick person craves wine, it is a sign of recovery (Kanaanite, 1940,
p. 15).

In general, the medicinal properties of wine are described in detail in Karabadini.
The author also provides recommendations on which type of wine - white or red - is
beneficial to consume during certain seasons. At the same time, the author gives
suggestions on which wine pairs well with different foods. Additionally, the author
warns against the excessive consumption of wine, not only due to its effects on health
but for its potential harmful effects. At the same time, wine infused with water, known
for its medicinal properties, is highlighted as a remedy for various diseases (Kanaanite,
1940. pp. 15, 28, 57, 94, 98).

The main part of the text focuses on the medicinal properties of food products,
both plant-based and from various animal or bird meats. It is also important to note that
the main types of meats, fish, fruits and vegetables, herbs, and grains are similar to
those found in Western European cuisine. Additionally, game meat was also used for
food. Whenever similar parallels are found, we have attempted to identify analogies in
both Georgian and European treatises regarding the medicinal uses of the same foods.

In addition to wine, analogies also emerge regarding other beverages, such as rose
water (infusion). Ustsoro Karabadini suggests that if a person is suffering from a
headache and fever, rose water can be used to cool them down: “Pour rose water [...]
embrocate it, then spread it on clothing and apply it to the head” (Kanaanite, 1940,
p. 26). Similar recommendations for rose water can be found in the Tacuinum Sanitatis
(The Health Calendar), a treatise widely circulated in medieval Europe (Hoeniger,
2006). The medicinal properties of rose water are noted in the three editions of the
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treatise—Parisian, Roman, and Viennese—and the text is identical: “Rose water is
beneficial for headaches caused by brain inflammation” (Cogliati Arano, 1976,
pp. 80—-81).

Among edible plants, garlic was recognized for its broad medicinal properties.
According to the treatises mentioned earlier, garlic was believed to possess numerous
healing qualities, leading to many analogies. In Ustsoro Karabadini, it is stated that
“garlic heals stomach ailments and removes harmful fluids from the body. It also helps
with bites from snakes, scorpions, and rabid animals” (Kanaanite, 1940, p. 441). A
similar reference can be found in the works of the 3rd-century Roman author Quintus
Gargilius Martialis in medieval editions, where it is noted that “garlic protects a person
from the harm caused by snakes, scorpions, and other dangerous creatures” (Maire,
1997; Gargilius Martialis, 2002; Wallis, 2010). A brief mention of garlic as an antidote
to poison appears in the Roman and Rouen editions of Tacuinum Sanitatis (The Health
Calendar) (Cogliati Arano, 1976, p. 116).

Almonds also stand out for their wide medicinal properties, which are given
considerable attention in the written works we mentioned earlier. According to The
Ustsoro Karabadin, “It opens the paths of the liver and lungs, relieves abdominal pain
[...] and helps with kidney pain. [...] Eating it with honey cleanses the heart, lungs,
liver, and kidneys” (Kanaanite, 1940, pp. 455—456). The combination of almonds and
honey, which is said to cure diseases of the kidneys, stomach, and liver, is also
discussed in the medieval edition of the treatise by Gargilius Martialis mentioned
earlier: “Crushed and mixed with honey, it is good for coughs and colitis. [...] Its
decoction alleviates pain in the liver and kidneys” (Gargilius Martialis, 2002,
pp. 73—74). Similarly, the medicinal properties of almonds are described in the medical
treatise by the German nun, St. Hildegard of Bingen (1098—1179). The Benedictine
nun created invaluable written works, one of which, Physica, states: “If someone
suffers from lung problems or has a weak liver, they should eat almonds often, both
raw and cooked. It strengthens the lungs” (Hildegard of Bingen, 1998, p. 120).

An interesting parallel emerges regarding the medicinal properties of egg whites.
In The Ustsoro Karabadini, it is advised that anyone with a hot head and forehead can
use egg whites for medicinal purposes: “Grind coriander, mix it with egg white, and
apply it to the head and forehead” (Kanaanite, 1940, p. 173). The use of egg whites,
along with herbs, as a medicinal remedy is also suggested by the Patriarch of Jerusalem,
Elias, and King Alfred the Great of Wessex (871-886), who was known for his fragile
health. The medical recommendation addressed to the famous Anglo-Saxon monarch
includes information stating: “Mix herbs with egg whites, [...] use this balm against all
weaknesses of the human body, especially against fever and hallucinations”
(Cockayne, 1865, p. 288).

In addition to the analogies mentioned above, several minor similarities in the
medicinal properties of different plants have been identified. These similarities are not
insignificant, especially considering that we have only presented one Georgian medical
text. Now, we should focus on the reasons behind these similarities.
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Conclusion.

First and foremost, it is important to note that both Ustsoro Karabadini and the
European medical texts referenced in this article are based on Greek and Roman
medical traditions. A clear example of this is the mention of Hippocrates (Kanaanite,
1940, pp. 11, 18, 23) and Galen (Kanaanite, 1940, pp. 11, 29, 33, 45, 54) in Ustsoro
Karabadini. Therefore, it can be asserted that, like the European medical tradition,
Georgian medicine was also grounded in Greek-Roman practices.

The second factor to consider is the impact of Eastern, especially Arab, medical
traditions. Considering the extended political and cultural influence of the Arab world
in the Georgian region, it is understandable that Georgian medical practices were
affected by this. This influence might account for the resemblances with Italian and
Spanish medical treatises, as both the Iberian and Apennine peninsulas had significant,
direct connections to the Arab world.

The third factor is the shared foundation of Christian traditions in medieval
Georgian and European societies. Additionally, similar agricultural practices
developed in both regions, influenced by comparable geographical environments. This
facilitated the cultivation of crops such as vines, wheat, and others. Over time, the
interaction with these plants and the observation of their properties likely led to similar
conclusions about their medicinal benefits in isolated societies.

It is worth noting a brief yet significant passage from Isidore of Seville’s treatise,
in which he writes: “In Iberia, which lies to the east near the Pontus, adjacent to
Armenia, many types of herbs grow, which are used in medicinal infusions” (Lindsay,
1911, p. 119; Kutalia, 2004). This passage highlights the recognition of Georgia's
geographical space and its diverse natural landscape, as well as its medicinal plants,
which were known since classical antiquity and passed on to the European world
during the Middle Ages.

In summary, it can be said that the medical treatises of medieval Georgia and
Europe share many common characteristics, including:

1. Both medieval Georgian and European societies were based on classical
ancient (Greek-Roman) traditions, which also influenced the medical field.

2. Georgian and European medicine were both impacted by Eastern,
particularly Arab, medical traditions.

3. Georgians and Europeans, as agricultural societies in similar geographical
environments, interacted with many common plant cultures, through careful
observation of these plants, they arrived at comparable insights regarding their
properties and uses.
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IopiBHSIILHMH aHAJI3 CepeAHBOBIYHMX IPY3HHCHLKHUX TA €BPONEHCHKUX MEIUYHUX
TPAaKTATIB i 32C00iB

Anomauyin. Ilpaxmuxa meouyunu 6 Ipysii mac kopeui 6 OA8HUHY MA MICHO
no8’s13aHa 3 MeOudHuUMU mpaouyismu cmapooashvoi I peyii ma Pumy. Ile bacame
HayKoge HAO0OAHHS SCKPABO 8i000OpajdceHe y PAHHIX CepPeOHbOBIUHUX 2PY3UHCbKUX
MeOuuHUx mpaouyisix. Y cepeoHbOBIYHUX SPY3UHCLKUX —ICMOPUYHUX —Odicepenax
Micmambcs cneyianizo8aHi MeOUdHi mekcmu ma mpakmamu, SKi ceiouams npo 8UCOKUL
pisenb meouunux 3Hanb mozo uacy. Ceped yux mekcmis 0coOnuée 3HAYEHHS MA€
epy3uncokuti meouyruu mexcm XI cmonimms « Yyyopo Kapabaoiniy («Henepegepuierutl
MeOUUHULL 00BIOHUKY), WO € OPUSTHATbHUM 2PY3UHCOKUM MEOUUHUM MPAKMAMOM, SAKULL
NOEOHYE 5K 2PY3UHCHOKULL MEOUUHUL 00C8I0, MAK i 3HAHHS 3 OABHLOI MA CePeOHbOBIYHOT
egponelicbkoi  meouunux — mpaouyiu.  llapaneni  mixc  yum  mekcmom i
3aXiOHOE€BPONEUCOKUMU MEOUYHUMU MPAKMAMAMU OYE8UOHI 3 camozo nouamky. Texcm
micmums  inokpamiscoko-1 anenieécbky KOHYEnyilo Yomupbox memnepamenmis,
ONUCYIOUU X60POOU, NOB S3AHI 3 KOMCHUM 13 HUX, Ma BIONOBIOHI MemoOU JiKYE8AHHSL.
Hooamxoso « Yyyopo Kapabaoiniy npononye pexomenoayii ujo0o 300po8 s, 3aCHOBAHI
HA Ce30HHUX 3MIHAX, ONUCYIOYU BUKTIUKU, 3 IKUMU CIUKAEMbCS TIOOCbKE MO NPOMA2OM
POKY, @ Maxoxc 0aro4u nopaou wooo NoOOJAHHS X80pOo0O I NPABUILHO20 XAPUYBAHHS.
Tpaxmam maxosic mMicmums 8aNCIUBL BIOOMOCMI NPO 8ALIMHICMb, BUSHAYEHHSA CMAMI
OUMuUHYU ma NPakmuku 00210y 3a Hemosiamamu. Ocobauea ysaea NpuoiILEMbCsl
30anaucosaitl 0iemi, 0e O0emalbHO ONUCAHO NPABUJIbHE BXHCUBAHHS DPOCIUHHOL ma
meapunnoi  iici.  Biosnawaemvcs  maxoxc  po30in,  NPUCBAUEHUU  JIIKYBATbHUM
B11ACMUBOCMAM BUHA —MeMi, 2TUOOKO BKOPIHEHILL 51K ) 2PY3UHCHKIl, MAK i 8 EBPONELLCLKIl
mMpaouyisix, 0e 8UHO MICHO NO8 SI3Y8ANIOCS 3 NOBCAKOCHHUM JHCUMMAM MA CAKPATbHUM
3HAYEHHAM XPUCMUSHCOKUX PUMYanie. AHani3 yux mpakxmamis 4imko 0emMOoHCmPYE, WO
nooibno 0o €eponu, Ipy3isa possusana CilbCbKO20CHOOAPCHKI NPAKMUKU, O0COOIUBO
KyIbmuseayito  8UHOcpady ma 3epHosux Kyaemyp. Icmopuuni ma apxeonociumi
00Ci0IICeH s NIOMBEPOIICYIOMb, WO MPAOUYIl BUPOULYBAHHS BUHO2PAOY MA NUEHUYT HA
Kaekasi csaeatomv neonimuunoi enoxu. Tepumopis [pysii esadcaemvcs 00HUM 13
HAUOAGHIWUX YeHmpi8 BuHO2padapcmea ma 3emiepoocmea. Auaniz meouyHux
MpaKmamis NOKA3ye, Wo mpusaJie 3aLy4eHHs YUX aspapHux NPaxKmuk K y py3uHCbKOMY,
maxk i 8 WUPWOMY €BPONEUCLKOMY KOHMEKCMI CAPUSI0 BIOKPUMMIO NOOIOHUX
JUKYBAIbHUX G1ACMUBOCMEN, NO8 A3aHUX 3 yumu Kyabmypamu. llopisHaneHuil ananiz
«Yyyopo Kapabaodiniy ma eponelicbKux MeOUyHUX mpaKmamie Cceioyums, wo
2pY3UHCLKA MeOuyuHa Oyia Ccymmeso ni0 6NIUBOM SAK EBPONEUCLKUX, MAK 1
0aBHbLOSPEYLKO-PUMCHKUX MEOUUHUX MPAOUYIL, NOOLIAIOUU 3 HUMU OA2amo CRITbHUX PUC.

Knrwouosi cnosa: Cepeonvosiuus; meouuna kuuea, Ipysia; meouuni mpaxmamu,
Yyyopo Kapabaoini
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indispensable military asset, including the British Chain Home system, the German
Freya and Wiirzburg radars, and the American SCR-270 and H2S systems. These
innovations redefined air defense, naval warfare, and ground-based operations,
granting unprecedented advantages in surveillance, interception, and target
acquisition. The study highlights the strategic significance of radar in key WWII
battles, such as the Battle of Britain, the Battle of the Atlantic, and the Pacific Theater,
where early detection of enemy movements proved decisive. Additionally, the research
delves into the technological race between the Axis and Allied powers, emphasizing
the role of scientific ingenuity, intelligence-sharing, and industrial production in
accelerating radar development. The integration of radar into aircraft, naval fleets,
and ground-based anti-aircraft defenses exemplifies how nations leveraged this
technology to gain a tactical edge. Beyond WWII, the study explores how radar
innovations extended into the post-war era, influencing the development of modern air
traffic control, missile defense systems, weather forecasting, and autonomous
navigation technologies. The paper underscores the enduring legacy of radar,
demonstrating its dual impact as both a wartime breakthrough and a foundation for
contemporary applications. By offering a comprehensive historical and technical
analysis, this research underscores radar’s crucial role in the evolution of military
tactics, technological progress, and global security frameworks.

Keywords: radar development; Second World War, electronic warfare; Chain
Home

Introduction.

Technological advancements have often been accelerated by war, particularly in
conflicts such as World War II (WWII), where strategic needs drove progress across
various fields, including computing, chemistry, energy, and communications. This
paper focuses specifically on radar technology, examining its transformative impact on
military strategies and its role in shaping key wartime outcomes. These wartime
innovations reflect the urgent need to address immediate military challenges, leading
to breakthroughs that would have taken much longer in peacetime. Radar exemplifies
how wartime pressures transformed technological potential into strategic advantage,
reshaping military tactics and altering the war's course. Its rapid development and
deployment reflect the intersection of innovation and necessity in warfare (Brown,
1999; Reed, 2014).

Radar, an acronym for Radio Detection and Ranging, emits electromagnetic
pulses reflecting off objects. By measuring the time the reflected signals return, radar
systems determine the object's distance and location. Additionally, the Doppler effect
detects frequency shifts in the reflected signal, enabling the calculation of an object's
velocity. Key factors influencing radar performance include wavelength, signal-to-
noise ratio (SNR), antenna design, and polarization. Shorter wavelengths provide
higher resolution, while longer wavelengths reduce atmospheric interference. High
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SNR ensures accurate detection and advanced antenna designs enhance directionality
and beam steering (Jain & Heydari, 2013; Zimmerman, 2013).

This study highlights radar’s direct influence on pivotal WWII engagements, such
as the Battle of Britain and the Battle of the Atlantic, where early detection systems
and naval radars decisively shaped military tactics. By bridging technological
advancement with strategic execution, radar not only provided tactical advantages but
also influenced the broader trajectory of the war. Early radar systems faced significant
challenges, particularly noise interference that limited their precision, necessitating
intense research to improve their performance. By the onset of the war, these efforts
had revolutionized radar, making it a vital military tool for detecting and tracking
enemy aircraft and ships. The British Chain Home (CH) radar network exemplified
radar's critical impact on military strategy, providing early warnings of Luftwaffe
attacks and enabling precise defensive coordination. Similarly, radar systems used in
naval engagements and anti-submarine warfare transformed tactical planning by
providing real-time information critical for decision-making (Blanchard & van
Genderen, 2014). Post-war innovations, such as those introduced by Woodward in the
1950s (Woodward, 1953), further optimized radar by reducing noise and improving
cost-effectiveness, paving the way for broader applications in meteorology, air traffic
control, and space exploration. However, its military applications, particularly in
defense, remain predominant (Butt & Jalil, 2013).

From Karl Popper's falsificationism perspective, radar's evolution reflects a
process of trial and error. Initial limitations were tested and overcome through practical
applications, resulting in increasingly effective solutions (Popper, 2002). Today,
continued advancements, including the integration of artificial intelligence, further
enhance radar's capabilities in defense, aviation, and weather forecasting (Chernyak &
Immoreev, 2009).

By focusing on the scientific origins, wartime applications, and lasting influence
of radar technology, this article emphasizes its unique contribution to the evolution of
modern warfare and technology. It situates radar within a historical, scientific, and
strategic analysis framework, distinguishing itself from existing studies by its
comprehensive treatment of radar’s dual role as both a technological innovation and a
strategic tool. The article is structured to provide a comprehensive exploration of the
topic: it begins with the historical and scientific contexts that set the stage for radar
development, followed by an analysis of early advancements in Germany, the United
States, and the United Kingdom. The paper's core focuses on radar's pivotal role during
WWII, illustrating its influence on critical battles and strategies. Finally, the discussion
extends to modern radar applications, reflecting on how wartime innovation shapes
military and civilian technologies. This structure aims to offer a cohesive narrative of
radar's evolution and its enduring significance.
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Methodology for Historical Literature Review.

Literature Search: A systematic exploration was undertaken on Google Scholar,
employing Boolean operators to refine the search query: ("Second World War" OR
"World War 1I") AND ("radar" OR "electronic warfare").

Inclusion and Exclusion Criteria: The search combines primary sources, academic
articles, and historical documents on the evolution of radar during WWII and its impact
today. Non-academic sources, duplicate publications, and studies that diverged from
the research focus were excluded. Studies in English and Spanish were included to
capture the historical significance of radar.

Quality Assessment: The credibility and reliability of selected sources were
rigorously evaluated, considering the reputation of journals, authors, and the coherence
of presented arguments. A critical examination of the literature identified gaps,
contradictions, and controversies in the historical narrative of radar’s development.

Ethical Considerations: Stringent adherence to copyright laws and meticulous
citation practices were employed to ensure ethical handling of the literature, respect for
intellectual property rights, and acknowledgment of the origin of all extracted
information.

From Electromagnetic Theory to Military Innovation: The Birth of Radar.

Radar's development stems from decades of groundbreaking scientific discoveries
and technological innovations. It blends theoretical physics with practical engineering
to create a transformative tool of modern warfare.

In 1865, James Clerk Maxwell formulated the foundational electromagnetic
theory through eight differential equations, later streamlined to four by Oliver
Heaviside in 1884. These equations describe the behavior of electric and magnetic
fields and predict the existence of electromagnetic waves, forming the theoretical basis
of radar (Maxwell, 1865). Maxwell’s work bridged the gap between theoretical physics
and practical applications, showing that electromagnetic waves could propagate
through space.

In 1887, Heinrich Hertz experimentally confirmed Maxwell's theories by
generating and detecting electromagnetic waves. Hertz demonstrated that these waves
could reflect off metallic surfaces, a phenomenon that became critical for radar
technology (Blumtritt, Petzold, & Aspray, 1994). His work established that
electromagnetic waves could be manipulated and harnessed for practical purposes.

Building on Maxwell and Hertz’s discoveries, Guglielmo Marconi significantly
advanced wireless communication through experiments combining transmitters and
receivers in the 1890s. Incorporating an LC resonant circuit for frequency selection in
his wireless telegraph marked a crucial technological breakthrough. Around the same
time, Alexander Popov also contributed to detecting electromagnetic waves by
designing a radio wave receiver in 1895, though his work primarily focused on weather
telegraphy rather than long-distance communication (Marconi, 1909). These
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innovations demonstrated electromagnetic waves' potential for communication and
object detection.

In 1897, Ferdinand Braun’s invention of the cathode ray tube revolutionized data
visualization, enabling the graphical representation of signals, a key component in
radar systems. Meanwhile, in 1904, Christian Hiilsmeyer patented the first operational
radar system capable of detecting ships up to 3 km away. Contrary to earlier narratives,
Hiilsmeyer ceased work on his device in the 1910s due to a lack of demand rather than
commercialization issues. Telefunken experts at the time dismissed his radio wave
detector as impractical, further stalling his progress. The 1920s witnessed incremental
progress in radio technologies, including the development of echo systems, radio
altimetry, and vacuum tubes. These innovations improved signal generation and
detection capabilities, though radar's potential remained limited by frequency
constraints and insufficient power. A significant breakthrough came with Albert Hull’s
1920 invention of the magnetron, which provided a more robust and stable source of
radio waves. Hull's split-anode magnetron generated low-power L-band waves, but its
limited stability restricted its practical use. Notably, during the late 1930s,
advancements in magnetron technology included the development of the L-band
magnetron by Slutskin in Ukraine (then part of the USSR). By 1940, Slutskin's
magnetron achieved an output power of 14 kW and served as the power source for the
USSR's gun-aiming radar system, Zenit (Kostenko, Nosich, & Tishchenko, 2001). This
progress laid the groundwork for the resonant cavity magnetron (RCM), developed by
Boot and Randall in the 1940s, which enabled high-frequency, high-power microwave
transmissions essential for modern radar (Boot & Randall, 1946; Hull, 1923).

Significant experiments during the 1930s paved the way for radar systems. For
instance, Marconi's 1932 microwave transmission between the Vatican and Castel
Gandolfo demonstrated the practical use of high-frequency waves for precise
communication. In 1937, Hans Erich Hollmann and Rudolf Kiihnhold in Germany and
Robert Watson-Watt in the United Kingdom (UK) conducted pioneering experiments
in radar using advanced magnetron technology (Martin, 1988).

In parallel, the United States, Germany, and the UK accelerated their research into
microwave technology, focusing on detecting aircraft and ships. The establishment of
the UK’s Chain Home system in 1938 marked the first large-scale application of radar
technology, setting the stage for its transformative role in WWIL

The foundational discoveries in electromagnetic theory and the subsequent
technological advancements of the late 19th and early 20th centuries provided the
scientific basis for radar. However, these theoretical principles translated into practical
systems during the heightened innovation spurred by military challenges in
World War I (WWI) and the interwar period. The following section explores how these
early developments were refined and expanded upon, laying the groundwork for
radar’s pivotal role in shaping the strategies and outcomes of WWIL.
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Laying the Groundwork: Technological Advancements Leading to Radar in
WWIL

During WWI, the introduction of new technologies like poison gas, tanks, and
aviation revolutionized military tactics. Initially used for reconnaissance, aircraft
evolved ito tools for aerial combat and bombing, introducing a new dimension to
warfare. Efforts to counter this aerial threat led to the development of acoustic listening
devices and primitive detection systems that laid the foundation for more advanced
technologies like radar (Brown, 1999).

The interwar period saw rising political tensions and accelerated technological
innovation, particularly in military research. The Treaty of Versailles (1919), which
imposed severe restrictions on Germany’s military capabilities, indirectly influenced
the development of radar by encouraging covert technological research, including
advancements in electromagnetic waves for object detection. Lessons from WWI
highlighted the importance of early detection, prompting nations like Britain,
Germany, and the United States to explore electromagnetic waves for detecting distant
objects. By the late 1930s, the UK established the Chain Home system, the world’s
first operational radar network to detect and intercept incoming aircraft. Contrary to
earlier descriptions, the Chain Home network operated at a wavelength of 26 meters
when it first became operational in 1938, later shifting to 10 meters. The Chain Home
Low system used a wavelength of 1.5 meters. Both systems could detect groups of a
dozen or more aircraft, providing azimuth and range data, but could not determine
elevation (Beevor, 2012; Buderi, 1996).

By the 1930s, radar research had intensified globally, leading to advancements in
directionality with parabolic antennas, interference reduction through polarization and
frequency filters, and enhanced detection capabilities (Shiers, 1974). These
innovations laid the groundwork for radar’s pivotal role in WWII, where it became a
cornerstone of military strategy. Radar allowed for precise tracking of enemy aircraft,
contributing decisively to battles such as the Battle of Britain, where the Chain Home
system played a central role. However, the limitations of early radar systems, such as
poor resolution in azimuth and the inability to detect elevation, spurred efforts to
develop shorter-wavelength technologies, ultimately improving detection precision
and reliability (Goss, Hooker, & Ekers, 2023).

As the war progressed, radar countermeasures emerged as a critical area of
innovation. Techniques such as “Chaff” (called “Window” in the UK and “Diippel” in
Germany) were developed to disrupt enemy radar systems while jamming technology
was used to block radar signals (Blake, Philpott, & Guthrie, 1943; Putley, 1986). These
countermeasures underscored the dynamic interplay between radar advancement and
the ongoing need to neutralize enemy systems, illustrating the constant evolution of
electronic warfare strategies (Pun, 2021).
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Early Radar Development in Germany, the UK, and the USA.

Germany's Strategic Shift Toward Radar.

Following WWI, Germany prioritized offensive military strategies centered on
aircraft, submarines, and tanks, enhancing radio communications to enable rapid,
coordinated maneuvers. Initially, radar was viewed solely as a defensive measure to
protect coastal regions like the North Sea, and its development was deprioritized
(Brown, 1999). However, this perspective shifted in 1933 with the establishment of the
Experimental Station for Communication by Telefunken. By 1934, Hans Kiihnhold
founded GEMA (Gesellschaft fiir Elektroakustische und Mechanische Apparate) in
collaboration with Telefunken and Siemens, marking the beginning of concerted radar
research efforts (Buderi, 1996).

In the mid-1930s, GEMA initiated experiments in the microwave spectrum,
culminating in the development of the Freya radar in 1937. Initially designed for
maritime detection, Freya was adapted for air defense and was first operationally
deployed during the Sudeten Crisis in 1938. By 1939, Freya entered mass production,
with 2,000 units serving as early warning systems. Germany's strategic advantage in
radar stemmed from its early adoption of shorter wavelengths, such as the 2.4 m used
by Freya, 0.8 m in Seetakt, and 50 cm in Wiirzburg systems. These innovations
provided higher resolution and detection precision than the longer wavelengths used
by other nations (Brown, 1999).

Germany further expanded its radar capabilities with systems like Wassermann
and Mammut, which extended detection ranges, and Wiirzburg and Lichtenstein,
designed for anti-aircraft artillery and night combat (Watson, 2009). Integrating Freya
and Wiirzburg radars became the foundation of the Kammhuber Line, an innovative
air defense system stretching across Europe. Initially, the line relied on Freya radars
for long-range early warning and manually controlled searchlights for bomber
illumination. Over time, Wiirzburg radars were incorporated to provide precise
tracking and guidance for night fighters. This layered approach represented a tactical
shift in German air defense, with the Kammhuber Line evolving into a coordinated
network capable of targeting Allied bombers effectively.

Introducing radar systems on night fighters, such as the Lichtenstein radar, further
revolutionized German tactics. These radars enabled pilots to independently detect and
engage Allied bombers without relying on ground control or searchlights. This
autonomy marked a significant shift in air defense strategy. The Naxos radar warning
receiver also allowed German fighters to home in on H2S emissions from Allied
bombers. However, its effectiveness diminished as the Allies introduced X-band radars
capable of greater precision and stealth (Pun, 2021).

Despite these advancements, the Allies’ deployment of shorter-wavelength S-
band and X-band radars in 1943 diminished the effectiveness of German systems,
marking a turning point in radar warfare. Additionally, introducing Naxos, a radar
warning receiver, allowed German night fighters to home in on Allied H2S radar
emissions. However, the Allies’ shift to X-band radars, capable of detecting periscopes
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at distances up to 5 miles, rendered Naxos largely ineffective, further undermining
Germany’s radar capabilities (Pun, 2021).

However, despite these early advancements, Germany fell behind in developing
shorter-wavelength technologies, such as the S-band (10 cm) and X-band (3 cm) radars
enabled by the British cavity magnetron breakthrough in 1940. By 1943, these shorter-
wavelength radars were deployed extensively across Allied forces, providing a decisive
technological edge, particularly in anti-submarine warfare and aerial detection (Pun,
2021). Table 1 highlights the technical specifications and applications of these and
other radar systems, showcasing their pivotal role in Germany’s military strategy
during WWII.

The UK’s Defensive Focus and Radar Innovations.

In contrast to Germany’s offensive strategies, the United Kingdom (UK) pursued
a defensive approach, relying on its intelligence services and naval dominance to
counter emerging threats. The rise of Hitler and the growing threat of aerial
bombardment underscored the need for technological advancements, particularly
radar, to safeguard the British Isles (Watson-Watt, 1957).

Despite initial skepticism from the Royal Air Force (RAF), radar emerged as the
cornerstone of Britain’s defense strategy. Early experiments in the 1920s, such as
attempts to develop a “death ray,” were abandoned due to limited efficacy. By 1935,
Robert Watson-Watt had pioneered the Chain Home (CH) system, the world’s first
operational radar network. CH stations along Britain’s east coast became operational
in 1938, capable of detecting aircraft at altitudes of 150 meters and distances of up to
40 km. This system provided early warnings of incoming Luftwaffe attacks, and
challenges like multiple detections were resolved with Filter Rooms, enabling efficient
differentiation between friendly and enemy aircraft (Buderi, 1996). By 1940,
complementary systems like Chain Home Low (CHL) enhanced low-altitude detection
capabilities, proving vital during the Battle of Britain (Blanchard & van Genderen,
2014). Radar's role in the sinking of the Bismarck underscores these technological
advances. While radar was not the primary means of locating the German battleship,
British ship-based radar contributed to tracking its movements. The critical discovery
of Bismarck's location resulted primarily from Enigma codebreaking and
reconnaissance efforts, including visual spotting by a Catalina aircraft (Watson, 2009).

The UK’s collaboration with the United States and Canada through the Tizard
Mission in 1940 accelerated radar advancements. The mission introduced critical
technologies, including the RCM, which improved radar accuracy and power.
Innovations such as the air-to-surface-vessel (ASV) radar further extended radar’s
applications, particularly in anti-submarine warfare (Berkner, 1946).

The United States Accelerated Radar Development.
Before entering WWII, the United States lagged behind Germany and the UK in
radar development due to its lack of immediate offensive or defensive pressures.
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However, institutions like the Massachusetts Institute of Technology (MIT) and the
Naval Research Laboratory (NRL) laid the groundwork for radar innovation in the
1920s and 1930s. Early systems, including the SCR-268 and SCR-270, demonstrated
the potential of radar for early warning and target tracking (Colton, 1945). The attack
on Pearl Harbor in December 1941 catalyzed rapid advancements in U.S. radar
technology. In 1941, the Airborn radar was still nascent, and the Royal Air Force's first
operational airborne radars, like the Al Mark II, lacked microwave capabilities.
Subsequent advances, such as the SCR-584 for anti-aircraft targeting and the 10-cm
wavelength H2S radar introduced later in the war, demonstrated radar's transformative
potential in strategic and tactical operations (Watson, 2009). The SCR-270, which
detected the incoming attack but failed due to a lack of response protocols, underscored
the need to integrate radar into military strategy effectively.

Radar’s influence extended beyond defense, significantly shaping offensive
strategies. For example, the RAF’s adoption of H2S ground-scanning radars on
bombers like the Stirlings and Lancasters enabled precise night raids on German cities,
complementing the USAF’s daylight bombings. American aircraft, such as the
Liberators and Flying Fortresses, initially relied on superior optical aiming systems but
later incorporated radar technologies to enhance accuracy. This strategic division of
labor, with the RAF targeting at night and the USAF focusing on daytime operations,
showcased radar’s critical role in coordinating Allied bombing campaigns and
maximizing their impact on German targets (Gregory, 2011).

A critical innovation during this period was the introduction of proximity fuses in
anti-aircraft artillery. Developed using Doppler radar principles in the UK and refined
in the United States after 1940, these fuses automatically detonated shells within a
certain distance of their targets. Combined with systems like the SCR-584, they
drastically improved the efficiency of anti-aircraft defense, enabling effective
countermeasures against fast-moving targets such as V-1 cruise missiles, especially in
the defense of London and Antwerp (Goss, Hooker, & Ekers, 2023).

Subsequent developments, such as the CXAM radar for fleet defense and the
SCR-584 for anti-aircraft targeting, showcased the United States’ ability to leverage its
industrial and scientific capacity. The invention of the klystron in 1937 enabled
compact radar systems for airborne applications, further advancing U.S. capabilities.
As detailed in Table 1, these systems positioned the United States as a radar technology
leader by the war's end.

The Strategic Impact of Radar in Key WWII Battles.

Radar’s transformative impact on WWII cannot be overstated. Its applications
spanned early detection, air interception, ground control, and naval operations,
fundamentally reshaping military strategies.
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Table 1. Characteristics of the primary radars of WWIIL.

Radar’s name | Country | Year A Power | Range Type Use
Freya Germany | 1937 | 24m | 8kW | 130km | Ground | Early warning of
air attacks

Wassermann Germany | 1940 | 24m | 100kW | 300km | Ground | Early warning of

air attacks
Mammut Germany | 1942 | 24m | 200kW | 300km | Ground | Early warning of

air attacks
Seetakt Germany | 1938 | 0.82m | 8kW 20km | Maritime Detection of

ships and aircraft

Wiirzburg C Germany | 1940 | 0.53 m | 8kW 25 km Ground Anti-aircraft
artillery fire
control

Lichtenstein C Germany | 1942 | 0.61 m | 1,5kW Skm Air Detection of
ships and aircraft

SCR-268 USA 1940 | 1.5m | 75kW | 45km Ground | Early warning of
air attacks

SCR-270 USA 1940 | 3m 100kW | 160km | Ground | Early warning of
air attacks

CXAM USA 1937 | 1.5m 5kW 80km | Maritime Detection of
ships and aircraft

SCR-584 USA 1943 | 0.1m | 250kW | 45km Ground Anti-aircraft
artillery fire
control

Chain Home UK 1938 | 10m | 350kW | 300km | Ground | Early warning of
air attacks

Chain Home UK 1939 | 1.5m | 150kW | 40km Ground | Early warning of

Low air attacks

ASV-Mark I UK 1940 | 1.7m 7kW 58 km Air Detection of
ships and aircraft

Al Mark IV UK 1940 | 1.5m | 10kW | 6,1 km Air Detection of

ships and aircraft

The Battle of Britain: Radar as the Cornerstone of Air Defense.

The Chain Home (CH) system played a pivotal role during the Battle of Britain,
marking the first large-scale integration of radar into air defense. This network of early
warning radar stations provided continuous tracking of incoming Luftwaffe aircraft,
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enabling the Royal Air Force (RAF) to allocate limited fighter resources efficiently.
CH radar primarily offered early warnings of large formations of German bombers,
allowing Fighter Command to concentrate scarce fighter squadrons on the most
threatened directions while leaving less threatened areas uncovered. Though initially
straightforward, this revolutionary tactical approach depended on effectively
integrating radar data into centralized decision-making. CH radar data allowed the RAF
to intercept German bombers before they reached critical targets, preventing
widespread destruction. Despite German reconnaissance detecting CH signals in May
1940, the Luftwaffe underestimated its importance, leading to critical miscalculations.
Rather than systematically targeting radar stations, German forces focused on bombing
urban areas, missing an opportunity to disable the system early in the campaign. This
oversight kept the CH network operational, providing the RAF with crucial situational
awareness throughout the battle. Complementary systems like the AI Mark IV radar
proved decisive in night combat, enabling effective interception of bombers during
low-visibility conditions. Combined with CH system intelligence, these technologies
allowed Britain to resist the Luftwaffe's offensive, marking a turning point in the war
and demonstrating the strategic interplay between radar technology and military
operations (Brown, 1999; Watson-Watt, 1957).

Naval Warfare: The Battle of the Atlantic and the Mediterranean.

In the Battle of the Atlantic, radar systems like the ASV Mark Il initially struggled
against German U-boats operating at periscope depth. However, introducing shorter-
wavelength radars in 1943, such as the British RCM, significantly enhanced submarine
detection capabilities, transforming the strategic landscape. Aircraft with improved
ASYV radars effectively neutralized U-boat threats, demonstrating radar’s pivotal role
in Allied naval operations. While radar contributed to tracking the German battleship
Bismarck, its discovery in 1941 was primarily due to intercepted and decoded Enigma
communications. Ship-based radar played a secondary role in maintaining situational
awareness during the hunt, but a Catalina aircraft achieved the final sighting through
visual reconnaissance (Buderi, 1996; Watson, 2009). In 1941, Sunderland flying boats
equipped with longer-wavelength radars (1.7 m and 1.5 m) combined with powerful
searchlights effectively disrupted U-boat traffic in the Bay of Biscay, a critical route
for German submarines. In response, the Germans introduced the Metox radar warning
receiver. However, the advent of S-band (10 cm) radars in 1943 rendered this
technology obsolete, tipping the balance in the Allies' favor (Goss, Hooker, & Ekers,
2023). British radar systems, including Type 279 and ASV radars, were instrumental
in protecting supply routes and supporting naval operations in the Mediterranean.
Meanwhile, German deployments of Freya and Wiirzburg radars in North Africa
strengthened anti-aircraft defenses, although Allied advancements eventually
surpassed these systems. During the Battle of Cape Matapan in March 1941, radar’s
primary role was in assisting accurate gun aiming during the British night attack on
Italian cruisers. Intelligence from decrypted Italian naval codes by Bletchley Park
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cryptanalysts, including Mavis Lilian Batey, determined the timing and course of the
Italian fleet, enabling the ambush. Radar-blind Italian warships were unprepared for
the radar-guided attack by British forces, which inflicted significant losses on the Regia
Marina (Blumtritt, Petzold, & Aspray, 1994).

The Eastern and Pacific Fronts: Diverging Strategies.

On the Eastern Front, Germany’s use of radar evolved as the Soviets gained
strength. Freya and Wiirzburg radars were instrumental in providing early warnings
and coordinating anti-aircraft artillery during nocturnal Soviet bombing raids, enabling
effective defense of critical areas such as Ploesti's oil fields. These systems were vital
in limiting Soviet air superiority, particularly during critical engagements where
German radar-guided defenses inflicted heavy bomber losses (Blumtritt, Petzold, &
Aspray, 1994). In contrast, the Soviets, facing technological gaps, depended heavily
on imported Allied radars like the SCR-584 and GL Mark III, which bolstered their
ability to detect and respond to German air strikes, especially in defending Moscow
and Leningrad. These Allied systems provided much-needed situational awareness and
improved the Soviet military’s coordination during critical offensives.

In the Pacific, radar underscored stark contrasts between U.S. and Japanese
capabilities. By 1939, U.S. CXAM radars, deployed on aircraft carriers, provided fleet
protection and critical early warning against air and naval threats. The CXAM radar’s
effectiveness was exemplified during the defense of U.S. fleets in the Solomon Islands
campaign, where early detection allowed timely countermeasures against Japanese
assaults. Japan, by contrast, initially lacked operational radar, relying on inadequate
magnetron systems with limited range and power. Although radar was not decisive in
battles like Midway, the SCR-270 radar played a crucial role in detecting incoming
Japanese aircraft during the Pearl Harbor attack, highlighting the strategic potential of
radar technology even under limited protocols. As the war progressed, U.S. radar
systems, including the air-to-surface-vessel (ASV) radar, proved critical in isolating
Japan by enabling effective submarine attacks on Japanese merchant and military
fleets, ultimately contributing to the Allied blockade strategy (Wilkinson, 1946).

Current Radar Applications.

After WWIIL, radar began to be used in civilian applications. This usage has
continuously evolved to the present day. Below are the most important current
applications of radar.

Ground-based interferometric radar is widely used for monitoring civil
infrastructure, such as bridges, dams, and buildings. This type of radar can detect
deformations and structural movements with precision over time, providing critical
data for preventive maintenance and safety. The radar's ability to offer continuous, non-
contact measurements allows for early identification of structural failures, preventing
them from becoming severe hazards. Recent advancements in machine learning
algorithms have improved the efficiency and accuracy of data analysis, making
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monitoring more effective and proactive (Elshaboury, Mohammed Abdelkader, Al-
Sakkaf, & Zayed, 2023).

In medicine, radar technology is increasingly used to monitor vital signs and
detect diseases. This method enables continuous, contactless heart sound monitoring,
facilitating early detection of cardiovascular diseases and reducing patient discomfort.
Studies have shown high accuracy in classifying heart sounds using radar, indicating
significant clinical potential. Additionally, radar measures vital signs such as
respiratory and heart rates in hospitals and homes, providing a non-invasive and
comfortable solution for continuous monitoring (Schellenberger et al., 2020).

Radar is essential in detection and ranging systems for autonomous vehicles. It is
used to detect objects and measure distances with high precision, which is critical for
safe navigation and collision prevention. Unlike other sensors, such as cameras, radar
is less affected by adverse weather conditions, making it indispensable in all
environments. Studies highlight the combination of radar with other sensors, such as
LIDAR and cameras, to enhance the accuracy and reliability of perception systems in
autonomous vehicles. This multimodal integration enables a more robust and precise
understanding of the surroundings, improving the vehicles' ability to navigate safely
and efficiently in complex environments (Liu, Cai, Wang, & Chen, 2021).

Earth observation through radar satellites is essential for environmental
monitoring. This technology is used for land-use mapping, detecting environmental
changes, and monitoring natural disasters. Radar data is crucial for natural resource
management and emergency response, particularly where atmospheric conditions
hinder optical observation. The fusion of optical and radar data improves the accuracy
and usefulness of information for environmental applications, facilitating better
disaster management and ecosystem conservation (Brisco, Mahdianpari, &
Mohammadimanesh, 2020).

Conclusions.

The conclusions of this research demonstrate that the development and
implementation of radar during WWII played a crucial role in shaping military
strategies and outcomes, providing the Allied forces with a decisive technological
advantage. Radar's impact extended across multiple theaters, from early detection
systems in the Battle of Britain to its transformative role in strategic operations, such
as tracking enemy fleets and enabling precise coordination during night battles. This
research confirms that radar not only enhanced defensive capabilities but also
influenced the offensive strategies of the Allies, shifting the balance of power through
technological superiority.

The study’s objectives were achieved through a comprehensive analysis of radar's
evolution, highlighting its role in accelerating technological advancements in
electronics and communication. Key breakthroughs, such as introducing shorter-
wavelength S-band and X-band radars, proved instrumental in anti-submarine warfare
and aerial detection, ultimately tipping the balance in favor of the Allied forces.
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Moreover, the research underscores the lasting significance of radar, not only in WWII
but also in its continued influence on modern military and civilian applications, such
as weather forecasting, air traffic control, and autonomous vehicle technologies.

The findings confirm that radar development during the war marked a turning
point in military history and technological progress. They illustrate the profound
interplay between innovation and strategy in shaping the outcomes of WWII. This
research further emphasizes the importance of multidisciplinary advancements and
international collaboration in driving technological innovation during times of crisis.
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Irop I'apcisi-ATy4a
Karonuupkuii yaiepcurer Mypcii, Koponiscto Icnanis

Xozaei KaasBo-Copadnyse
VuiBepcurer Kpainu backis, Koponiscrso Icmanis

ExaiiTy lynaroiitis bappio
VYuiBepcurer Mypcii, Koponierso Icnanis

®pancicka Biabsinyea-DJiopec*
IlenTp AOCHIKEHh Yy Taldy3l NPHUKIAJIHOI HAayKH Ta TMEPEAOBUX TEXHOJOTIH,
HamionanpHU#M MomiTeXHIYHUN 1HCTUTYT, Mekcuka

Crpareriyamii Ta TeXHOJIOTiYHMH BIJIMB pagapy nia yac Jpyroi cBiToBoi BiiiHH

Anomauia. Padapna mexuonocia gidicpana eupiuiaivhy poib y (hopmyeanHi
BiliCbKOBUX cmpameziti ma onepayiunoi ounamiku nio dac Jpyeoi ceimoeoi 6iiinu,
DPeBONOYIOHIZVIOUU K 0O0POHHI, MAK | HACMYNANbHI Modiciusocmi. L{ss cmamms nadae
2NUOOKe 00CNIOHCEHHS eB8ONYIL padapy, nPociioK08YIOUU 1020 MeopemuiHi OCHOBU 8
eleKMpPOMAHIMHIU HAYYyl ma 1020 nooaIbUUL PO36UMOK Y KPUMUYHY MEXHON02I10 014
8ilicbkoBUX nompeb. YV cmammi  po3enidaromvcsi OCHOBHI  OOCACHEHHs, WO
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mpancgopmysanu padap 3 eKcnepumMeHmanibHoi KOHYyenyii 6 He3amMiHHULL BiliCbKO8U Ll
pecypc, 30kpema opumancvka cucmema Chain Home, nimeyvki paoapu Freya ma
Wiirzburg, a maxosc amepukancoki cucmemu SCR-270 ma H2S. L]i innosayii
nepeoCcCMUCIUIU NOBIMPSAHY 000POHY, MOPCHKY GIliHY Ma HA3eMHi onepayii, Hadaguiu
be3npeyedeHmui nepesacu 8 CNOCMEPeNHCeHHl, NepexonieHHi ma 3axXOnieHHi yYinel.
Hocnioorcenns niokpecaoe cmpameziune 3Ha4ents paoapy 6 Kiouosux bumeax /pyzoi
c8imoeoi  gitinu, maxux sk bumea 3a bpumaniio, bumea 6 Amaaumuyi ma
Tuxookeancokuti meamp, Oe CBOEYACHE GUABNIEHHA pPYXI@ 60p02a  BUABUNOCH
supiwanvHum. Kpim mozo, 00CnioNceH s 3aHYPIOEMbC 8 MEXHON02IUHY 2OHKY MIdC
BOIOYUMU CMOPOHAMU, NIOKPECAIOYU pOab HAYKOBOI BUHAXIOIUBOCMI, OOMIHY
PO3BIOOAHUMU MA NPOMUCTIO8020 BUPOOHUYMEA Y NPUCKOPEHHI PO3BUMKY paoapis.
Iumezcpayis  paoapy 6 asiayiro, BiliCbKOBO-MOPCbKI (romunii ma HA3eMHY
NPOMUNOBIMpPAHY 000POHY € HNPUKIAOOM MO20, AK HaAyii BUKOPUCMOBY8ANU YIO
MexHon02110 07151 3000ymmsa makmuunoi nepesazu. lloza [pyzo010 c8imoeoio 8ilinoio
00CNIOAHCEHHS MAKOIHC PO32NAOAE, AK IHHOBAYIT 8 PAOAPHUX MEXHO02ISAX nepetiuLiu 8
NICNABOEHHY €py, BNIUBAIOYUU HA PO3GUMOK CYUACHUX CUCEM YNPAGLIHHA NOGIMPAHUM
DPYXOM, HNPOMUPAKEMHUX CUCMEM, NPOSHO3Y8AHHA NO200U mMa  A8MOHOMHUX
HagieayitiHux mexHo102il. ¥ cmammi niokpeciioemovcs HeaMiHHA CNAOWUHA paoapa,
0eMOHCMPYIOUU U020 NOOBIUHULL 6NJIUE 5K NPOPUBY B0ECHHO20 YACY MA OCHOBU O
CY4acHux 3acmocysanb. 3a605KU KOMNIEKCHOMY ICMOPUYHOMY Ma MeXHIYHOM)
aHanizy ye 00CNONCeHHs NIOKPECTIOE 8ANCIUBY POJb padapy 6 e8otoyii 8ilicbKOBOT
MAKMUKY, MexXHOI02IYHO20 NPo2pecy ma 2100ANbHUX CUCTNEM Oe3NeKU.

Kniwowuosi cnoea: poszsumox padapy, [pyea ceimoea 8itina; eleKmMpoHHA
bopomvoa; Chain Home
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Historical background of wood-fired ceramics firing in cross-flow kilns

Abstract. This work is a comprehensive study that covers the historical, technical
and creative aspects of the unique process of wood firing of ceramics. The conducted
research allowed to understand the essence of wood firing, its aesthetic and cultural
value more deeply. Analysis of the historical development of wood firing revealed its
deep roots in the cultural traditions of different peoples. This technique, which
originated thousands of years ago, remains relevant due to its ability to create unique
textures, effects and emphasize the natural beauty of the material. The historical aspect
shows how wood firing has transformed from a utilitarian process into an important
artistic tool. A key feature of wood firing is the use of special kilns designed to maintain
high temperatures for a long time. Research into different types of cross-flow wood
kilns revealed their technical features and impact on the final result. It has been
established that the firing process depends on many factors, including the type of wood,
the atmosphere of the kiln, the temperature and the duration of firing. These
parameters form the unique character of each product. The use of wood firing for
artistic purposes allows to achieve unique visual effects, such as natural ash pouring,
textured surfaces, natural color transitions. Wood firing is a unique process that
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combines tradition and innovation, technology and art. Its significance lies in the
ability to create objects that are not only visually striking, but also carry a deep
emotional content. This technique requires skill, patience and understanding of the
material, as well as the willingness to work with the element of fire, which becomes a
full-fledged co-author. The research conducted not only deepened knowledge about
wood firing, but also showed its limitless possibilities for creative expression. The study
demonstrates that this technique remains relevant and inspiring for contemporary
artists, offering endless opportunities for discovery in the field of artistic ceramics. The
technology of wood firing in cross-flow kilns continues to develop, and its capabilities
open up new horizons for contemporary ceramic art. Wood firing is not only a
technology, but also a philosophy. It reflects the interaction of man with nature and
fire, allowing the creation of unique ceramic products that cannot be repeated. This is
precisely its value and unfading relevance in the world of ceramic art.

Keywords: art history; cultural history, history of ceramics, clay,; artistic
ceramics, kilns for wood-fired ceramics

Introduction.

Studying the history of the development of ceramics is of great importance, as it
allows to better understand the past of mankind. Ceramics are not just clay and fire,
but a true reflection of the culture, way of life, technologies and even beliefs of different
peoples. Ceramic products are often the only thing left of ancient civilizations, and they
help scientists recreate the picture of life in those distant times.

Ceramics are well preserved in the ground, so they play a key role in the work of
archaeologists. By its appearance, shape or ornamentation, it is possible to determine
when and where it was made, as well as find out who certain peoples traded with or
what cultural influences acted on them.

In addition, the history of ceramics shows how technologies developed. Kilns,
temperatures, clay composition changed, glazes appeared, new methods of decoration.
All this became the basis for many modern materials that we use today not only in
everyday life, but also in medicine or even in military affairs (Atykow, Bednarz,
Piechdéwka-Mielnik, Napiorkowska-Atykow, & Krupa, 2022; Morito, 2022).

For artists and craftsmen, ceramics are also a source of inspiration. Ancient
techniques — for example, wood firing or applying ash glaze — are actively used in
author's works today, as they give unique effects that cannot be achieved in any other
way.

Finally, studying ceramic heritage is a way to preserve traditions. Many craft
techniques are passed down from generation to generation, and thanks to research, they
can not only be preserved, but also popularized throughout the world. Some of them
are even recognized as part of the intangible cultural heritage of humanity. So, by
studying ceramics, we are not just exploring the past — we are learning more about
ourselves, our roots, and the development of civilization as a whole.
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Ceramics is one of the oldest branches of human activity, dating back thousands

of years. The oldest known ceramic artifact dates back to approximately 29,000 to

22,000 years BP, during the Upper Paleolithic. It is a figurine of a woman known as

the Venus from Dolni Vestonice, (Figure 1), from a small prehistoric settlement near
Brno in the Czech Republic (Potvin, 2024).

.

Figure 1. Venus from Dolni Vestonice, 29,000 to 2,00 yers BP (Potvin, 2024).

Wood firing is one of the oldest ceramic techniques, dating back to prehistoric
times. This process, which involves the use of fire to fire clay, has evolved across
cultures and regions around the world, each bringing its own unique style to the firing
process. Wood firing dates back to the Neolithic period (about 10,000 years ago). The
first ceramics were made in primitive pits (Figure 2), where the clay was first shaped
by hand and then fired in open fires.

In Mesopotamia, Egypt, and modern-day China, wood-firing was used to produce
pottery for ritual, utilitarian, and decorative purposes (Beck, Hill, & Khandelwal, 2022;
Bozdemir, 2024; Gardner, Karkanas, Miiller, Freestone, & Kiriatzi, 2025). The oldest
examples date back to the 4th millennium BC. Such techniques were also known and
used in ancient Peru on the Andean coast (Shimada, Goldstein, Sosa, & Wagner, 2003).
Egypt was famous for its earthenware products fired in simple kilns. The clay was often
coated with colored glazes obtained by reaching high temperatures.

China pioneered the development of wood-firing, reaching extremely high
temperatures that allowed the production of porcelain as early as the Shang Dynasty
(1600-1046 BC). Chinese ceramists also invented multi-chamber kilns, known as
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“dragon kilns,” which allowed for more even heat distribution (Wang et al., 2018;
Karasu, Andas, & Ak, 2019; Li, Shen, Zheng, & Wang, 2021; Fang, 2023).

grass and small
stick cover

layer of sticks
and branches

layer of wood pottery vessels
and fuel

Figure 2. Primitive pottery pit (Brooke, n.d).

In Greece and Rome, the wood-firing technique was widely used to make
amphorae, vases, and sculptures. Greek ceramists created the famous black and red
figured vases, using special kilns to control the oxidation process and restore the colors
during firing (Jones, 2021). Black-on-red painted pottery is one of the most
characteristic typological groups that appeared during the final phases of the Late
Neolithic (4800/4700-3900/3800 BC) in northern Greece (Kilikoglou et al., 2007). The
Romans later adopted this technology and made it widespread.

Figure 3. A typical two-handle pot Ancient Greek ceramics (Kilikoglou et al., 2007).
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Japan is a pottery powerhouse, boasting an abundance of ceramic production sites
all over the country (Web Japan, n.d.). Among these, the six regions of Echizen, Seto,
Tokoname, Shigaraki, Tamba, and Bizen — known as the “Six Ancient Kilns” — are
said to have been active for more than 1000 years, and were registered as Japan
Heritage sites in 2017 (Figure 4).
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Figure 4. A location map of the “Six Ancient Kilns” (Web Japan, n.d.).

In Japan, wood-fired pottery was particularly developed through the use of
Anagama and Noborigama kilns. Among the most famous examples are ceramics from
the Momoyama period (1573-1615) (Kilikoglou et al., 2007; Keulemans, 2016;
Bergmann, 2020). Japanese craftsmen particularly valued the natural ash glazes that
resulted from prolonged firing, which gave the products an organic, natural beauty
(Figure 5).

In medieval Europe, ceramics developed through techniques borrowed from the
Middle East and China (Qiumei, 2023; Han, Zheng, & Wu, 2021). Wood-fired kilns
were used to produce pottery and building materials. In particular, traditional wood-
fired kilns such as a Borne kiln in France, the Cassel kiln in Germany and the Newcastle
kiln in England were used (Olsen, 2001, p. 59). These kilns often had a multi-chamber
design, which allowed firing a large number of products simultaneously. Salt glazes,
which were formed as a result of firing with the use of salt, were also popular.
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Figure 5. Kuro-Oribe tea bowl (Mino ware, cylindrical form, “Fuyugare ”,
Momoyama period (1573-1615), 16" century, Stoneware, h. 9.2 cm, d. 10.2 cm.
(Kilikoglou et al., 2007).

In Ukraine, kilns were first discovered at the sites of the Trypillia, Chernyakhiv
and other cultures (Rud, Zaitseva, Hofmann, Rauba-Bukowska, & Kosakivskyi, 2019;
Nikitin, Videiko, Patterson, Renson, & Reich, 2023; Rybicka & Havinskyi, 2023).
According to scientists, there were two types of kilns — pottery kilns and pottery horns.
These structures differ not only in structure but also in firing technology. Pottery kilns
are single-chamber heat-technical structures with a permanent ceiling over the internal
volume of the chamber itself, in which the dishes for firing are simultaneously placed
and the fire is kindled. Pottery horns are two-chamber heat-technical structures, the
upper chamber is called the firing or dish chamber, in which clay products for firing
are placed, the lower chamber is the kiln chamber for kindling the fire (Figure 6).

Figure 6. Vyshgorod (Ukraine). Pottery Museum. Pottery horn (Vyshgorod
Historical and Cultural Reserve, n.d.).
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In the 21st century, wood firing has gained new significance with the studio
pottery movement. Potters around the world have revived traditional firing techniques,
experimenting with the textures and effects that result from firing clay under the
influence of wood and ash. In the United States and Europe, many artists have begun
to use wood firing as a form of artistic expression, focusing on natural results that
cannot be reproduced using gas or electric kilns.

The aim of the work is a comprehensive study that covers the historical, technical
and creative aspects of the unique process of wood firing ceramics, and focuses on the
peculiarities of the construction of ancient cross-flow kilns.

Research Methodology.

Studies in the history of science and technology help to see how people in different
eras have tried to understand the world and change it with the help of knowledge. They
show that many things that seem familiar today were once revolutionary discoveries.
Such studies allow to trace how scientific approaches, technical solutions, and
engineering thinking were gradually formed (Feng & Liu, 2024; Latsik, Markovych,
Hryhoruk, Bazhanov, & Matsyshina, 2024; Strelko, 2021). They also allow to better
understand the relationship between science, society, and culture. To investigate this,
scientists use historical documents, archives, old drawings, and personal letters of
scientists and engineers (Grifa et al., 2021; Pongwisuthiruchte & Potiyaraj, 2025;
Strelko et al., 2019). They often also analyze artifacts — from ancient tools to industrial
equipment. One important method is to compare the development of the same idea or
technology in different countries or eras. Researchers also communicate with modern
scientists and technicians to better understand the essence of certain processes. Such
interdisciplinary approaches allow to combine knowledge from history, science,
technology, and philosophy (Andriiashko, Bilyk, & Kostiukova, 2022; Khyzhynskyi,
Lampeka, & Strilets, 2024; Shelyagin et al., 2021). As a result, we get a holistic picture
of how humanity learned to think, build, discover, and rethink the world around us.

In this study, we tried not only to describe the history of wood-fired ceramics, but
also to understand more deeply how this technology developed in different cultures
and why it retains its significance even today. To achieve this, we used several
approaches and methods that helped collect, analyze, and summarize information.

First of all, a significant number of sources were processed — from scientific
articles, archaeological reports and monographs to publications by contemporary
ceramists. We focused on texts that relate to the history of ceramics in the context of
wood-firing technology, as well as studies of individual regions (e.g. Japan, China,
Europe). This made it possible to trace how the technique changed over time and under
what conditions its local variants emerged.

We compared examples of wood-firing from different eras and countries, paying
attention to kiln designs, types of wood, firing duration, and ways of placing products
in the kiln. This helped to see both common features (e.g. the use of ash as a natural
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glaze) and culturally specific differences that reflect local traditions and ideas about
beauty.

Since the result of wood-firing is always unique, we carefully studied photographs
and descriptions of ceramic products created at different times. Color, texture, ash
streaks, flame traces were evaluated — everything that helps to understand the specifics
of this type of firing. In some cases, data from museum catalogs and online archives
were used.

Particular attention was paid to the experience of modern ceramists working with
wood-fired kilns. Personal blogs, interviews and video materials were analyzed, in
which masters share their vision of the process, difficulties and creative results. This
allowed to combine a historical perspective with real practical experience.

To clarify individual technical points (for example, temperature regimes, types of
kilns, chemical processes in glaze), we consulted with specialists in the field of
ceramics, materials technology and art history.

In general, the work combined historical, cultural and technical approaches. This
allowed for a comprehensive consideration of wood firing not only as a method of
firing clay, but as an important cultural phenomenon that connects man, nature, and
fire in the process of creation. Catalogs, websites, and personal pages of artists involved
in wood firing ceramics also became important sources of information.

Results and Discussion.

Crossdraft kilns are classified by the movement of fire from a firebox in one part
of the kiln, through a chamber to an outlet in the opposite part (Olsen, 2001; Lu et al.,
2012; Ma, Henderson, Evans, Ma, & Cui, 2021). The most common kiln types are the
single-chamber kiln, the cave kiln, the stepped tunnel kiln, and the flat tunnel kiln.
Crossdraft kilns originated in the Far East.

The exact location and time are unknown, but scholars suggest that ceramists in
China, Korea, and Japan invented similar kilns, known as hole kilns, at about the same
time (Lu et al., 2012; Li, 2015; Ma, Henderson, Evans, Ma, & Cui, 2021). Hole kilns
were used during the Asuka period in Japan, the Sui Dynasty (581-618 AD) in China,
and the Silla period in Korea. In Japan, they were called "anagama", where "ana" means
hole or cutout, and "gama" means kiln (Figure 7).

Kilns of this type were built directly inside the clay deposits. A hole was dug in
the clay hill, an expanded firebox was formed inside the hill, which narrowed again,
turning into a chimney. After forming such a kiln, the drying process of the structure
took place. The next stage was the first firing of the empty kiln, a fire was continuously
burned in the kiln for several days, gradually increasing its intensity until the inner
walls of the kiln became strong (burnt to scrap). The Anagama kiln is characterized by
the lack of physical separation between the combustion chamber and the firing
chamber. Firing wood creates a high temperature and a unique glaze on each product.
Firing in an Anagama kiln with wood is important for creating unique ceramic
products. A large amount of wood was used during the process, which led to intense
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burning and the generation of high temperatures of over 760° C/1400°F
(Ceramicartis, n.d.). The wood was burned, and the resulting ash was drawn through
the chamber into the chimney. This ash settled on the ceramic products, creating a
unique glaze on each of them. The presence of ash in this Japanese kiln significantly
influenced the final result of the ceramic products. The chemical composition of the
ash, combined with the high temperatures, led to complex chemical reactions on the
surface of the product. This process created vitrification effects, creating glazes with
unique colors and textures on each product, which gave the ceramics fired in the
Anagama kiln a special imprint.
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Figure 7. Anagama: The traditional kiln of Japanese ceramics.1 — door
approximately 75 cm wide; 2 — firebox; 3 — stacking platform made of silica sand.
here the unfired pieces are placed; 4 — two dampers, one for firing and the second for
closing the chimney hermetically; 5 — flue; 6 — fireplace 3 meters high; 7 — cast arc,
made of heat-resistant (castable) cement (Ceramicartis, n.d.).

Among the cross-flow kilns, the following striking examples can be distinguished.

The Tamba tube kiln, which is considered one of the oldest kilns in Japan
(Geisinger, 2010; Lee, 2024). Over the past 650 years, the design of the kiln and the
firing process in it have remained unchanged and are protected by the Japanese
government as cultural heritage. The Tamba kiln, consisting of 23 interconnected
segments, was built in the early Kamakura period (1185-1392) by potters who had
emigrated from Korea and were engaged in the production of ceramics in the Tachikui
region of Japan (Olsen, 2001, p. 50). These potters were tasked with designing a kiln
that could simultaneously fire 500 large storage vessels (approximately 65 cm high).
The solution was to extend the standard Anagama kiln design to approximately 36.5 m
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in length and to build a kiln dome above the ground, forming a chimney filled with
ceramics (Figure 8).

Tamba kilns are of the anagama type, tunnel kilns dug into the hillside, using
natural draft to distribute heat evenly. Tamba kilns have a sloping tunnel that allows
fire and hot air to move naturally up the slope. They often had multiple chambers for
longer firing times. Pottery in such kilns was fired unglazed or with a natural glaze that
was formed by ash deposits and chemical reactions at high temperatures.

The wares in such Tamba kilns were placed in rows between side openings. Olsen
described the design features of this kiln as follows (Olsen, 2001, pp. 50-51):

“Proper loading of the kiln was already an important step, as it played

a significant role in the movement of the fire through the kiln during firing.

The kiln loader had to crawl inside through the firebox and gradually fill it

with wares, starting from the far section. Between the sections, a free space

was left for burning wood, which was thrown through the side openings. The

design of the kiln allowed the fire to move freely through the pipe thanks to

internal chimneys before entering each individual section. The firebox is
located in front of the internal chimney in the first section (Figure 9). The
firing process began with a small hearth at the edge of the kiln, which
gradually increased to accumulate coal, which was slowly pushed into the

kiln with a long metal tool. The filling of the kiln took place over 36 hours,

which raised the temperature of the first 4 sections to 1000 °C, at this stage

the main firebox became an opening for oxygen access, and the addition of
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firewood for burning took place through the side openings in the following
sections. It was considered that the required temperature was reached in
each individual section when a column of flame of approximately 30 cm
emerged from the chimney, after which the flame was allowed to burn out
and moved to the next section. Firing continued until the side openings of all
sections were filled and the required temperature was reached, due to which
a large amount of ash deposits and other fiery effects accumulated on the
products. Then the kiln was preserved for slow cooling”.
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Figure 9. Tamba kiln design (Olsen, 2001, pp. 52-53).

Ceramics made in Tamba kilns have always been valued for their natural, “alive”
appearance — ash deposits, flame-induced color changes, dark and reddish tones
(Figure 10). This 1s the effect of the so-called yo-hen — natural variation that is not fully
controllable. Today, Tamba kilns are still used by craftsmen who strive to preserve
traditional techniques. At the same time, they combine old methods with modern
forms, creating works that are valued all over the world. Products from Tamba kilns
reflect the aesthetics of wabi-sabi — an appreciation of the imperfect, the changing, the
natural. Each piece is unique, with the imprint of the action of fire and smoke.

- - J
Figure 10. Ceramics made in Tamba kilns (Japan Travel by NAVITIME, n.d.).
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Climbing Chamber Kilns are considered the next step in development after the
Tamba kiln, as each section of the kiln became a separate “cave”, which allowed for
more controlled firing conditions and denser loading (Figure 11). The classic
“Climbing Chamber Kiln”, or noborigama/dragon kiln, is a multi-chamber, inclined
kiln, the structure of which “climbs” up the slope and thereby efficiently uses the heat.
Such a kiln was built on a slope with an inclination of approximately 10-16° to
effectively use the force of hot air draft. They were developed in China during the Sung
Dynasty (960—1279) to assist in the firing of Tenmoku tea bowls in Chienyao, Hohnan
and other sites and Celedon wares in the North. The Climbing Chamber Kiln consists
of supports and chambers: firewood is burned in the lower chamber, the heat gradually
passes through the partitions to the upper chamber, transferring heat — a downdraft
design with a counter-flow mechanism.

Firing Chambers

Peep Holes

Entrances
Stokehole (Side Stoke Holes)

Fire Box

Figure 11. Climbing kiln scheme (Musubi Kiln, 2025).

Each cave had a double radius arch, and the highest point of the arch was shifted
to the rear, which slightly complicated the movement of the fire flow and created a
reduction atmosphere when the kiln was fired correctly (Olsen, 2001, p. 77). Hot air
from the lower chambers heated the upper ones, and the chimney heated the supplied
air — this provided a noticeable economy in the use of firewood for fuel. To carry out
the firing in the reduction section, it was necessary to constantly maintain a fast rate of
firewood supply to maintain a large amount of coal in the kiln. The middle sections
had a less radical arch, which facilitated the movement of the fire and contributed to
oxidizing conditions (Figure 12). The design of such a kiln provided the possibility of
reaching temperatures of 1300—1400°C, with long firings — 2—3 days in a row or even
more than a week. By adding firewood separately in each chamber, it was possible to
create an oxidizing or reducing environment — this made it possible to simultaneously

fire clay products with and without glaze.
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Figure 12. Kyoto Bidai climbing kiln (Olsen, 2001, p. 78).

The noborigama kiln itself is a hybrid of architectural engineering,
thermodynamic efficiency and artistic unpredictability (Figure 13). It is a bridge
between nature (wood fire), traditional craftsmanship and ceramic aesthetics. Although
this approach currently requires significant resources and space, for true connoisseurs
of the natural wood-fire spirit, the noborigama is an indispensable tool (Figure 14).

The Bizen kiln is unusual in both function and design when compared to other
Japanese kilns, and is only indigenous to the Imbe region of Okayama prefecture in
central Japan (Olsen, 2001, p. 83). The features of such a kiln are a large firebox, which
allows to increase the surface of direct contact of products with fire, as well as a small
air flow in the kiln chamber, which allows to accumulate a large amount of ash,
maximized efficiency of wood use during seven-day firing and minimized heat loss
during a gradual increase in temperature (Figure 15).
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Figure 14. Unloading Le Sanpei Kiln’s noborigama. Under the electric light, white
porcelain glistens atop a column of saggar boxes (Musubi Kiln, 2025).
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The hearth of the Bizen kiln is the most open of all Japanese kilns and is the first
and most important chamber (Olsen, 2001, p. 84). There is no filling from the hearth
to the chimney of the next chamber, only a gradual slope that is interrupted about
halfway (Figure 15).
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Figure 15. Front and side elevatlons of the Blzen k11n (Olsen, 2001, p. 85).

This step in the kiln actually consists of shelves on which the wares are also
placed. They receive direct contact with the flame and a strong reducing atmosphere
containing ash to form a natural ash coating (Olsen, 2001, pp. 83—85). The walls of the
Bizen kiln are 25 to 33 cm thick, built tightly, without steam holes and insulated with
a layer of a mixture of refractory clay, straw and earth. This thick and dense
construction reduces heat loss and ensures intensive heating during a gradual increase
in temperature with minimal fuel consumption. Expansion and contraction of the kiln
are balanced by the extremely long and gradual firing and cooling cycle. Between the
firebox and the first chamber is a 61 cm long chimney, which contains a small chamber
called the himitsu, or "secret chamber". The chimney openings leading into the himitsu
are very small — 7.5%15 cm, which increases the speed of draft through it to the first
chamber. In the himitsu, small items such as tea cups and sake bottles are placed. This
chamber is well suited for intensive contact with the flame and ash, since its small size
and chimney openings force the fire to pass through the items with a high cross-draft
speed. The chimney openings lead from the himitsu to the first chamber. This allows
the rapid draft created by the himitsu chimney openings to pass unhindered into the
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first chamber, without creating back pressure in the himitsu. After entering the first
chamber, the draft slows down significantly due to the large volume of the chamber.
This chamber has built-in side openings for the takiguchi fire, which help to increase
the temperature and create active contact with the flame not only in the lower part, but
also in the upper part of the chamber. The second chamber, the kedo, is much lower in
height and smaller in width. This chamber does not use shelves; all products are placed
on the floor or on top of each other. The chamber has an additional firebox, which, if
necessary, is used to increase the temperature.

Ancient Bizen technologies find their new reflection in the works of modern
craftsmen. The famous traditional Japanese Bizen ceramic ware is made by firing a
certain type of green clay in a wood-fired kiln at a temperature of approximately
1200 °C (Kusano et al., 2021). Bizen ceramics are a simple and unglazed type of
ceramics that express two deep and important Japanese concepts: wabi (demonstration
of wealth and beauty combined with simplicity or poverty) and sabi (aesthetic sense of
solitude). For this reason, great tea masters often used this type of pottery. Bizen
pottery is considered an art form that involves the use of both clay and flame, as a
variety of colors and patterns can be obtained in the finished products without the aid
of artificial glazing or painting (Figure 16).

Figure 16. Traditional Japanese Bizen stoneware produced by Kenji Matsushima, a
master Bizen potter. This item had a base and was fired in a firewood kiln (Kusano et
al., 2021).
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The tradition of wood-fired ceramics was best studied and developed in East
Asian countries. Among them are sources on the history of pottery and porcelain in
East Asian countries, in particular China, Korea, Japan (Rehren & Yin, 2012; Morito,
2022; Wilson, 2023) and Central Asia (Choriyev, Shaydullaecva, & Raxmonkulova,
2023). Important sources were information about wood-fired, types and designs of
kilns, and manuals with advice on wood-fired technology. Recent research and
publications on wood-firing ceramics have highlighted several key aspects of the
development of the technique, including: wood firing can produce unique aesthetic
results, as it creates unique colors, textures, and natural glazes from the ash deposited
on the ware during firing. The unpredictability of the process and its impact on the
finished product make the technique very attractive to artists, as each piece is unique.
The results are influenced by various factors, such as the type of wood, the design of
the kiln, and temperature control.

Although wood firing is often associated with randomness, modern craftsmen can
predict the results with considerable accuracy through the use of new technologies,
such as digital pyrometers and oxyprobes. This allows for the creation of high-quality
products with minimal waste. Wood-firing raises environmental issues, including
carbon emissions. While the technique itself is not the biggest polluter, modern
ceramists are beginning to look for ways to reduce emissions and develop more
environmentally friendly approaches to firing.

Conclusions.

Different types of cross-flow kilns for wood-fired ceramics are analyzed, and key
kiln designs used in different historical periods and regions of the world are considered.
Each of'these kilns has its own characteristics that determine the method of temperature
control, heat distribution, and firing results. Despite the different design solutions, all
of these kilns had a common goal: achieving high temperatures to create strong,
waterproof ceramics. The wood-fired process highlights its complexity and
uniqueness, based on many variables that determine the final appearance of the
products. Wood-firing is not only a technical process, but also a creative art, where
every decision affects the result. At different stages of firing — from the initial
temperature increase to the final phase of maintaining high temperature — it is important
to control the rate of temperature increase, especially when passing through silica
inversions (quartz and cristobalite), in order to avoid destruction of the products.
Precise control of the temperature and atmosphere in the kiln (oxidative or reductive)
allows for the achievement of various aesthetic effects, such as natural ash deposition,
the formation of glossy or matte surfaces, and color effects.

An analysis of the historical development of wood firing has revealed its deep
roots in the cultural traditions of different peoples. This technique, which originated
thousands of years ago, remains relevant due to its ability to create unique textures,
effects, and emphasize the natural beauty of the material. The historical aspect shows
how wood firing has evolved from a utilitarian process into an important artistic tool.
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A study of types of wood-fired kilns, such as Anagama, Noborigama, and others, has
revealed their technical features and their influence on the final result. It has been
established that the firing process depends on many factors, including the type of wood,
the kiln atmosphere, the temperature, and the duration of firing. These parameters form
the unique character of each product.

An essential element of successful firing is the time and duration of each stage.
Decisions about the duration of high-temperature firing and the rate of cooling directly
affect the texture and color of the glazed surfaces. Accordingly, to achieve certain
effects, such as the glossy green sheen of a natural ash glaze or complex matte surfaces,
the cooling process must be carefully planned.

Thus, wood firing is a complex process, where every choice — from the type of
wood to the cooling strategy — creates a unique result.
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Bousogumup XuKuHChKUAMN
KwuiBchbka fepkaBHa akajaeMis JeKOPaTHBHO-TPUKIAIHOTO MUCTEIITBA 1 JU3aHHY
iMeH1 Muxaiina boituyka, Ykpaina

Ousena Ocagua
KwuiBchka neprxaBHa akaaeMisl JEKOPATHBHO-ITPUKIIAIHOTO MUCTEIITBA 1 TU3ANHY
imeHi Muxaiina boituyka, Ykpaina

Jleonix Haripusik
KwuiBchka nepxaBHa akajieMisi I€KOPATUBHO-ITPUKIIAIHOTO MUCTEITBA 1 TU3AHY
iMeH1 Muxaiina boituyka, Ykpaina

IcTopuyHe MiAIPYHTS APOB’SAHOTO BUIIAJIY KePaMiKH B MeYax MmepexpecHoro
MOTOKY

Anomayia. J[lana poboma € KOMNWIEKCHUM OOCHIONCEHHAM, 5Ke OXONIOE
icmopuyHi, MmexHiuHi 1l Meopyi AcneKmu YHIKAIbHO20 Npoyecy O0po8 sH020 GUNATLY
kepamixu. Ilposederne 00cniodcenHs: 00360UN0 2aubuLe 3p03yMimu Cymov 0OpPo8'ssHO20
8UNAy, 1020 ecmemudHy ma KyIbmypHY YiHHICMb. AHANI3 ICMOPUYHO20 DO3BUMKY
O0pO8’SIHO20 BUNATY BUABUS 1020 2TUOOKI KOpeHi 8 KYIbMYPHUX MPAOUYIsX pPI3SHUX
Hapoois. l[a mexuixa, wo SUHUKIA MUCAYOIMMSA MOMY, 3ATUUAEMbCA AKMYATbHOO
3a605aKU  CBOIli  30aMHOCMI  CMBOPIOGAMU  VHIKAIbHI mMeKcmypu, egexmu U
niokpecnoeamu NpupooHy Kpacy mamepiany. Icmopuunuii acnekm noxasye, 5K
O0pO8 IHULL BUNATL NEPEemMBOPUBCS 3 YMUNIMAPHO2SO NPOYECY Y BANCIUBUL XY OOINCHILL
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incmpymenm. Kniouoeoio ocobaugicmio Opog'anozo eunany € UKOPUCMAHHA
cneyianbHux neyet, npusHa4eHux 0as NIOMpPUMKU BUCOKOI memMnepamypu npomsa2om
mpugano2o yacy. Jlocniosxicents pizHux udie Opos siHux neueti nepexpecio2o NOmMoKy
PO3KPUTIO IX MexXHIuHi 0cobau8ocmi ma eniue Ha Kinyesui pesyiomam. Bcmanoéneno,
Wo npoyec 8UNALY 3aleHCUms 8i0 6a2amvox )axkmopis, 8KI0OUAIOYU MUN 0epesuHl,
ammocghepy neui, memnepamypy ma mpueanicme eunany. Lli napamempu popmyromeo
HenoB8MmMOpHULL XapaxKmep KOHNCHO20 6upoby. Buxkopucmamnns opog’samnozo eunany 6
XYOOIUCHIX YINAX O00360JAE€ O00CAMU HENOBMOPHUX BI3VAIbHUX epeKmis, MaKux sK
HamypaibHa 30JbHA NOAUBA, MEKCMYPOBAHI NOBEPXHI, NPUPOOHI KONIPHI nepexoou.
Jlpos’anutl eunan € yHIKAIbHUM NPOYecom, KUl 00 €OHye mpaouyii ma iHHO8ayil,
mexwnonozii ma mucmeymeo. HMozco 3nauenHs nonseae y 30amHOCHI CMEOPIOEAMU
00’exmu, AKI He Jule 8padcaromv Bi3yalbHO, aje U Hecymb 2IUOOKUU eMOYIUHULL
smicm. L[]8 mexnika sumaeac maicmeprHocmi, MepniHHa ma po3yMiHHA mamepiany, a
MAaKodC 20MOGHOCMI Npayro8amu 3i CMUXIEIO B02HIO, SAKUU CMAE NOBHONPAGHUM
cnisasmopom. Ilposedene 0ocniodiceHHs He Jiuue No2IUOUNLO 3HAHHA NPO OPO8 SHULL
eunai, ane u noKazaio uo2o Oe3mMeHCHi MOMCIUBOCMI OJisL MBOPYO20 CAMOBUPAIHCEHHS.
Hocniosxcennsi Oemoncmpye, wo ysa MeXHIKA 3ATUUAEMbCS  AKMYAAbHOW U
Haouxawouow OJisl CYYACHUX MUMYIB, NPONOHYIOYU HECKIHYEHHI MONCIUBOCMI OJiA
BIOKpUmMmIB y 2any3i Xy00dxucHvboi Kepamiku. Texnonozia opos’sinoco sunany 6 neyax
nepexpecHo2o NOMOKY NPOO0BHCYE POIBUBAMUCS, T i1 MOMCIUBOCMI 8IOKPUBAIOMb HOBI
20PU3OHMU OJI CYYACHO20 KePAMIUH020 Mucmeymaea. [pos sHuil sunai - ye He auuie
mexHono2is, a U Qinocoghisa. Bin sidoopascae 83aemo0ito MOOUHU 3 NPUPOOOO Ma
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Outline of the history of the development of piston aircraft engines charging
systems

Abstract. The subject of the article is a review of the most important facts from
the development of supercharging systems for piston aircrafi engines from the
beginnings of aviation to the present day, with particular emphasis on the period of
dominance of piston engines in aviation, i.e. the first half of the 20th century. The work
focuses on design solutions developed over the years that had a direct impact on engine
operating indicators, altitude characteristic and therefore on aircraft performance.
Moreover, in the first chapters it shows the reasons for using supercharging in aviation
resulting from the unfavorable altitude characteristics of naturally aspirated engines,
low-altitude engines or engines equipped with simple non-altitude superchargers
systems. The aim of the article is to comprehensively outline the topic of supercharging
piston aircraft engines, including, apart from the history of development, also its
prospects. The text was prepared on the basis of literature and primarily on the basis
of collected source material such as catalogues, archival publications and catalogue
data sets. They allow not only to learn about the solutions used, but also to assess and
analyze their impact on the engine's functionality. By learning about the altitude
characteristics or operating indicators of an engine, it is possible to assess the
usefulness of the design solutions used in its supercharging system. Such work requires
not only the work of a historian who relies on source materials to learn about the past,
but also the technical knowledge of an engineer who can interpret specific development
trends in the construction of machines such as engines and their impact on their
operating indicators. This approach allows not only to describe the past, but also to
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learn about development trends over the years. The analysis of historical constructions
and operational indicators is often omitted in science because it requires working at
the interface of two disciplines, both technical and historical. However, it is important
for the development of the history of technology, because it concerns its central subject,
i.e. the technical objects themselves.

Keywords: supercharging systems, piston aircraft engines, altitude
characteristic; engine history

Introduction.

The aim of this study is to demonstrate the relationship between the constant
increase in operational indicators of aircraft piston engines and the use of superchargers
in them and the continuous development of supercharging systems.

The first airplanes created at the turn of the 19th and 20th centuries were powered
by quite simple piston engines and reached low flight altitudes, usually not exceeding
several dozen meters above the ground (Petczynski, 2023a). In recent years, however,
before the outbreak of the First World War, airplanes became increasingly mature
functional structures (Angle, 1921), not just sports toys or experimental projects
(Lumsden, 1994). Increasing the power concentration of the propulsion units allowed
to achieve higher flight ceilings, cruising speeds and range, but this resulted in the
emergence of new, numerous construction and operational problems (Smith, 1986).

In aviation, turbosuperchargers and mechanical centrifugal superchargers are
mainly used (Glowacki, 2017). The former can provide the most constant altitude
characteristics, while maintaining high efficiency at any flight altitude. Their most
serious disadvantage is significant thermal loads requiring the use of appropriate
materials resistant to high exhaust gas temperatures. Mechanical superchargers are free
of this defect. In order to ensure effective charging with a mechanical supercharger in
the widest possible altitude range, much more complex systems of two-speed and two-
stage superchargers are used than in the case with turbosuperchargers.

The development of aircraft engine supercharging systems had a large impact on
operational indicators and the development of aviation in general, which will be
presented in this article. Above all, however, it is a general overview, as it presents
individual types of superchargers and the genesis of their development.

There are practically no publications solely on the history of the development of
supercharging of piston aircraft engines. The subject is discussed in books that are
generally about the history of aircraft engines, such as The development of piston aero
engines, from the Wrights brothers to microlights: a century of evolution and still a
power to be reckoned with by B. Gunston (1993), Aircraft propulsion, a review of the
evolution of aircraft piston engines by C. F. Taylor (1971) or the works of H. Smith
such as A history of aircraft piston engines (1986). The supercharging systems of
specific companies or countries can be found in several publications, including Allied
aircraft piston engines of World War Il by G. White or Rolls-Royce piston aero engines
— a designer remembers by A.A.Rubbra (1990). However, the most helpful in
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researching the subject are publications issued in the described era such as The
performance of a supercharged aero engine by S. Hooker, H. Reed and A. Yarker
(1941). The most important source in researching the history of aircraft engines is the
Jane’s all of the world’s aircraft series. Each volume, usually published every two
years, is a collection of catalog data for every aircraft and aircraft engine produced in
the world. Up to 1920, the outstanding source for both engines and early supercharging
systems is Textbook of Aero Engines by E. H. Sherbondy and G. D. Wardrop (1920).

For research on the development of the design or operational indicators of
machines, which are also aircraft engines from an interdisciplinary perspective, based
on knowledge from the field of technical sciences and historical sciences, the direct
source 1s the construction itself and operational indicators. Thanks to their
interpretation, it is possible to describe the history of development and development
trends in a given field. Their knowledge may result from several primary sources. The
first is the object itself and possible empirical studies performed on it; the second are
source materials such as catalogs, operating instructions, manufacturers' publications,
catalog collections, research reports and publications of research results; and the last
source are studies and other publications from the period under study in which the
necessary information can be found.

Altitude Characteristics of Non-Charged Engines.

The power of piston engines decreases significantly with altitude above sea level.
This was observed as early as 1909, when high-altitude flight tests began. The first
research on the combustion of fuel in a cylinder at altitude was carried out at the
National Bureau of Standards in the USA in 1918 (Taylor, 1971). The decrease in
power with increasing flight altitude is similar for all piston engines without
supercharging, because it does not depend on their construction, but only on the
atmospheric parameters at a given ceiling, and especially on the air density, which
decreases with increasing flight altitude. The figure below (Fig. 1) shows just such a
decrease in engine power for standard atmosphere (ISA). The data are based on the
information from the book "Stosowana mechanika lotu" (eng. "Applied flight
mechanics") (Auzan, Bolkhovitinov, Kozlov, Kurickes, & Pysznov, 1938). Based on
the book ,,Teoria silnikow lotniczych, podrecznik™ (eng. "Theory of aircraft engines,
textbook") (Worobiow, 1951), information for altitudes above 10,000 meters is given.

Effect of altitude on aircraft speed.

The decrease in air density with the flight ceiling also reduces the drag force.
Therefore, often airplane at certain altitudes can reach higher flight speeds than at lower
ones. For undercharged and non-high-altitude engines, the maximum speed usually
decreases with a slight increase in flight altitude. It is possible that at low altitudes (e.g.,
up to about 3000 m) the velocity is constant, close to constant or slightly higher in
relation to the velocity at sea level. It depends on many factors. For example, the
efficiency of the propeller at a given altitude and the characteristics of the drag
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coefficient of the aircraft for a given Reynolds number. Knowing the parameters of the
reference atmosphere, it is possible to derive a simplified dependence of the speed of
an aircraft powered by a naturally aspirating engine on the flight altitude (Fig. 2).
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Figure 1. Reducing the relative power of the piston engine at altitude in [%], where
100% 1s the power at 0 meters (Author's source, based on the Stosowana mechanika
lotu by A. K. Auzan, W. F. Bolkhovitinov, S. G. Kozlov, J. M. Kurickes and
W. S. Pysznov (1938) and on the book Teoria silnikow lotniczych, podrecznik by
P. Worobiow).
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Figure 2. Simplified speed characteristics of an aircraft powered by an undercharged
piston engine in [%], where 100% is the aircraft speed at sea level. The figure only
includes flights in the troposphere (Author's source, based on the Stosowana
mechanika lotu by A. K. Auzan, W. F. Bolkhovitinov, S. G. Kozlov, J. M. Kurickes
and W. S. Pysznov (1938) and on the book Teoria silnikow lotniczych, podrecznik by
P. Worobiow).
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In order for the aircraft to climb to a higher altitude, sufficient speed is necessary
to maintain lift in the thinned air, which is more difficult to achieve with the decreasing
engine power. It is widely known that the lift depends on squared speed according to
the formula (1).

F=cpSvt, (1)
where: F: — the lift force; c. — the lift coefficient at the desired angle of attack,

Mach number and Reynolds number; p — density of air; S — wing surface; v — flight
speed (Staszek, 1983).

The thrust of the propeller-engine assembly for a propeller selected for operation
in at sea level conditions decreases with altitude due to insufficient engine power.
Choosing a propeller with a specific height in mind, in turn, causes an excess of power
below this height, which will be too large for the propeller to fully use it. The best
solution is to use a propeller with variable blade pitch. This allows it to be adjusted to
the flight parameters. The change of pitch can be controlled by the pilot or automatic,
regulated by the constant speed controller. It allows not only to set the propeller blades

in several positions (usually two), but also to smoothly change the propeller pitch
(Worobiow, 1951).

Early Attempts to Solve the Problem of High-Altitude Flights and the
Genesis of Aircraft Engine Supercharging Systems.

The first supercharged aircraft engine was built in 1910. It was a two-stroke
Murray-Willat equipped with a simple fan that compressed the fuel-air mixture before
entering the cylinders (Angle, 1921). It allowed for flight at an altitude of 5,200 meters
(Wistocki, 2023). The second known aircraft engine equipped with a supercharger was
built in Japan by Captain Kumazo Hino in 1911. According to the design, it was
supposed to achieve a power of 30 hp (22 kW), but in practice only 18 hp (13 kW) was
achieved. Probably the same engine was installed in a plane from 1915. However, it
managed to increase its power to 25 hp (18 kW). Initially, historians believed, based
on photographs, that the engine had four cylinders. However, it turned out that two of
them were piston superchargers increasing the air pressure at the inlet to the cylinders
(McCutcheon, 2022).

Due to the fact that the first superchargers were only in the experimental phase,
the issue of high-altitude flights during World War I was tried to be solved in several
ways. In Great Britain, Rolls-Royce used a manually controlled altitude corrector in
the carburetors of its engines, which was to ensure the maintenance of a constant
composition of the air-fuel mixture.

In Germany, Maybach (Hoffman, 2021) and then BMW designed engines that
were supposed to operate at a certain altitude (Sherbondy, Wardrop, 1920). Their entire
structure was designed for atmospheric parameters at an altitude of 5,000 meters.
However, this did not mean that they were unaffected by the altitude of the flight. In
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fact, these engines were able to achieve much more power on the ground, but this
threatened to damage them due to too significant loads. Therefore, planes equipped
with them could not take off with the throttle fully open. Then, in order to fly with
maximum power, the pilot could open the throttle while climbing. Too much fuel
would result in too high pressures in the cylinders and thus loads on the crank system.
The engine maintained the same power throughout, up to the design altitude. After
exceeding it, it began to decrease, as in any other engine (Rubbra, 1990).

These problems related to the to the decreasing power of piston aircraft engines
needed to be solved. Aa early as 1914, Swiss engineer A. J. Buchi proposed the
construction of an aircraft turbosupercharger that would allow air to be compressed at
higher flight altitudes in order to preserve engine power. Unfortunately, at that time,
the construction of a usable turbocharger was impossible, mainly due to the resistance
of materials to high temperatures. During the First World War, many studies and trials
were carried out. However, they did not go beyond the phase of laboratory experiments
(Taylor, 1971).

More advanced work was carried out on mechanically driven superchargers. The
British company Royal Aircraft Factory, in cooperation with Armstrong-Siddley,
installed a centrifugal supercharger for a radial engine in 1916. Ultimately, however, it
was not suitable for production due to high vibrations. Later, the Royal Aircraft Factory
also conducted research on turbochargers (Taylor, 1971). In 1918, the French
experimental Rateau turbosupercharger was tested on the R.A.F. 4d engine. The tests
were carried out on the R.E.8 aircraft (Lumsden, 1994).

The creation and development of turbosuperchargers.

After the end of World War I, work on mechanical superchargers and
turbosuperchargers was intensified (Wistocki, 2023). In 1918, the US Army Air Force
Aircraft Engineering Division commissioned General Electric to design a
turbocharger. The experimental model was tested in the Liberty engine (National Air
and Space Museum, n.d.a), first on a dynamometer, the same year, and then in flight
in 1919. The Le Pere airplane with a turbocharged Liberty engine achieved successive
altitude records in 1920, 1921 and 1922. Nevertheless, the drive not adapted to the
supercharger from the very beginning, turned out to be very prone to failure. For
example, while breaking the record in 1920, one of the connecting rods in the engine
broke (Taylor, 1971).

A much more serious disadvantage, however, was that the turbine itself was
significantly overheating, which led to damage to its blades. This problem was finally
brought to attention in 1922 and soon resolved. The turbine casing was mounted so that
it was exposed and could be cooled by the air flowing around the airplane. On this
basis, General Electric built many successful turbochargers in the 1920s, 1930s and
during World War II (Taylor, 1971).

During World War II, two types of General Electric turbochargers were produced:
Type B and Type C. The first one was design for engines with power from 801 to
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1400 hp (from 589 to 1029 kW), and the second one for engines from 1801 to 2200 hp
(from 1324 kW to 1618 kW). Their construction was similar. The single-stage
centrifugal turbine powered a single-stage centrifugal supercharger. Turbine rotational
speed was 22,000 rpm. Turbochargers were designed so that the engine could achive
the same power at any altitude within a certain specific range. To ensure this, an
exhaust gas venting was used. Only during the flight at the maximum altitude, the entire
exhaust gas flow directed to the turbine (White, 1995).

In the 1930s and 1940s, only one turbocharged engine was produced and applied
in practice outside the United States. It was a self-ignition, two-stroke Junkers Jumo
207 engine (Wisniewski, 2013), which was a high-altitude version of the Jumo 205
engine (National Air and Space Museum, n.d.b). Moreover, very advanced tests were
carried out in the USSR, but probably no turbocharged engine was used except for
experimental flights (Kotelnikov, 2005). Additionally, trials were conducted in Japan
(Goodwin & Starkings, 2017), France and the United Kingdom.

Development of Mechanical Superchargers.

However, mechanically driven superchargers turned out to be much more
common than turbosuperchargers. However, the first successful aviation mechanical
supercharger was developed later than the first successful aviation turbochargers. In
1925, the Curtiss and Wright companies built their experimental, prototype mechanical
superchargers. In 1926, they were first successfully used in Jaguar car engines, and in
1927 in the Pratt and Whitney Wasp aircraft engine. It was a Roots supercharger and
was designed by NACA (National Advisory Committee for Aeronautics). It was one
of the few successful applications of Roots superchargers in aviation, which were
quickly replaced by centrifugal superchargers. In 1927, Lieutenant Champion of the
United States Navy, flying a plane equipped with a supercharged Wasp engine, broke
another altitude record (Taylor, 1971). Simpler construction and lower thermal loads
allowed for the widespread use and continuous improvement of the construction of
mechanical superchargers. The economic factor was also important here, as
turbochargers were much more expensive.

An example of the development of mechanical supercharging can be Rolls Royce
Merlin engine. Initially, it was equipped with a single-stage, two-speed Farman
supercharger. Subsequent versions of Merlin had a two-stage and two-speed
supercharger. The compression ratio was 9.49:1. Due to high temperatures, the
supercharger in most versions had a separate cooling system that used water with
glycol (Rubbra, 1990).

The use of two-speed and two-stage compressors allows for approximation of the
height characteristics of the supercharged engine to the characteristics of the
turbocharged engine (Hooker, Reed, & Yarker, 1941).

In engines with two-stage superchargers, the second stage is usually switched on
only at a certain altitude to improve the altitude characteristics of the engine. Single-
stage superchargers and the first stages of two-stage superchargers in high-altitude
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engines achieve compression ratios between 5:1 and 9.5:1. However, there were greater
values. An example is the German Daimler Benz DB 601 engine from the Second
World War, equipped with a single-stage mechanical supercharger with a compression
ratio of 10.47:1. Most two-stage supercharger static pressure ranges from 7:1 to 11:1
(Jones, 1995).

Altitude Characteristics of Supercharged Engines.

The development of aircraft engines supercharging has had a positive impact on
the use of other advantages and applications for superchargers. In addition to
improving the altitude characteristics of the engines, they allowed to increase the
parameters of all piston engines. In airplanes, superchargers turned out to be useful not
only for high-altitude flights, but also in order to increase engine power during take-
off, flight or air combat (Douglas, 2022).

The advantages of aircraft superchargers are best reflected in the altitude
characteristics of the engines. The chart (Fig. 3) shows the characteristics of the Rolls-
Royce Merlin engine at different altitudes with two types of supercharging and without
supercharging (Gunston, 1993).
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Figure 3. Altitude characteristics of Rolls-Royce Merlin engines in several versions

(based on Rolls-Royce piston aero engines — a designer remembers by A. A. Rubbra
(1990)).

At an altitude of 10,000 m without supercharging it reaches only 200 hp, with a
Farman supercharger twice as much, and with a two-stage supercharger as much as
800 hp.

The main problem of mechanical superchargers is the decrease in efficiency with
flight altitude. At an altitude of 10,000 meters, it may require up to 30% of the engine
power for its propulsion. To prevent this, high-altitude superchargers use complex two-
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speed and multi-stage systems. Nevertheless, when they exceed the nominal height at
which they reach the maximum pressure, their efficiency decreases. Ground-level
superchargers have a simpler construction and their task is to supply air under increased
pressure, especially at low flight altitudes (Kostia, 1953).

Mechanically driven superchargers are driven from the engine crankshaft, mostly
by means of a gear transmission. Belt or chain transmissions, popular in cars, are not
used. The superchargers are always centrifugal, although early attempts were made to
use Roots systems. Turbochargers are driven by a centrifugal or, less commonly, axial
turbine (Balicki, Kawalec, Pagowski, Szczecinski, J., & Szczecinski, S., 2005).

Turbocharger turbines use the difference in exhaust gas and air pressure. At higher
altitudes, this difference becomes greater, making turbosuperchargers more efficient at
high altitudes than mechanically driven superchargers.

Supercharging and the Fuel System.

Engines with one carburetor have the supercharger located behind the carburetor
(sometimes turbochargers may also be located in front of it). The flow of the fuel-air
mixture through the supercharger ensures a fairly high degree of mixture evaporation
and, importantly, its high homogeneity. The disadvantage of this solution is that the
carburetor must be additionally heated to protect it against icing (Balicki, Kawalec,
Pagowski, Szczecinski, J., & Szczecinski, S., 2005).

Multi-carburetor engines cannot have a supercharger behind the carburetor,
because in such a case there would have to be a separate supercharger for each
carburetor. Therefore, it is located in front of the carburetors. This ensures very good
evaporation of fuel. In order to obtain the same boost pressure as in the case of a
carburetor located in front of the supercharger, less power is needed to drive the
mechanical supercharger or less pressure of the exhaust gas feeding the turbocharger
turbine. Thanks to this, losses resulting from throttling the exhaust gas flow are smaller.
A significant disadvantage of this solution may be uneven air supply to individual
engine carburetors, resulting from turbulent flow downstream of the supercharger and
upstream of the carburetors. In addition to the flow turbulence caused by the operation
of the supercharger, vortices are also formed inside the flow channels, primarily at
joints, seals and unevenness of internal surfaces. For this reason, this should be taken
into account when designing intake ducts (Wistocki, 1991).

The use of direct injection instead of a carburetor (Welshans, 2013) allows for
more free design of the charging system. Nevertheless, a significant amount of a
aircraft engines are equipped with carburetors.

Charge Air Cooling.

In the 1930s, the development of supercharging systems forced the development
of effective charge air cooling systems (Wistocki, 2023). To reduce the risk of
accelerated ignition, coolers were used through which air from the supercharger
flowed. The simplest solution was to provide external air flow around the radiator.
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However, it is usually more effective to use a liquid as a cooling agent
(Wistocki, 1991).

The outbreak of World War II led to the search for solutions that would allow for
a more effective increase in power concentration (Bridgman, 1944). In order to be able
a short-term increase in boost pressure during air combat, it was necessary to use more
efficient cooling systems than those used so far. For this purpose, the phenomenon in
which a liquid absorbs part of the thermal energy from the surroundings during
evaporation was used (Wistocki, 1991). The simplest solution was to use water
injection into the charge air. It was used in American Allison, Wright and Pratt &
Whitney engines (White, 1995) as well as British Rolls-Royce and Napier
(Lumsden, 1994). Experiments on water injection were also conducted in the USSR
(Kotelnikov, 2005). This solution allows for a short-term increase in engine power.
Due to the extra weight of the liquid, it is not possible to use it as a way to cool the
charge air for a long periods of time. Moreover, water causes corrosion of engine parts
and causes it to wear out faster.

In Germany, water injection was used only in a few types of drives, such as
Junkers Jumo 213A and BMW 323R (Bridgman & Gunston, 2001). Due to the greater
risk of corrosion, engines equipped with it were inspected every 50 hours of operation.
Water injection with methanol was used much more often (Fig. 4, Table 1), as MW 50
(Methanol-Wasser 50%, containing 49.5% water, 50% methanol, 0.5% anti-corrosion
agent) or MW 30 (Methanol-Wasser Wasser 30%, containing 69.5% water, 30%
methanol and 0.5% anti-corrosion agent).
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Figure 4. View and diagram of the MW 50 injection system in the Daimler-Benz DB
605 engine in the Messerschmitt BF 109 aircraft (Bridgman, 1970).
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Table 1. The influence of MW 50 injection on the power of the Daimler-Benz
DB 603L engine and the maximum speed of the Focke-Wulf Ta 152B aircraft
powered by it (based on table from Jane’s all the world’s aircraft 1945, collector’s

edition by Bridgman (1994)).

Engine Ceiling [m] | Power [hp] | Power with | Airplane | Speed with
type MW 50 speed MW 50
[hp] [km/h] [km/h]
DB 603L 0 1,800 2,100 546 578
DB 603L 11,300 - - 706 -
DB 603L 10,500 - - - 745
DB 603L 9,000 1,450 1,750 - -
DB 603E 0 1,800 2,250 550 595
DB 603E 8,200 - - 671 -
DB 603E 6,800 - - - 698
DB 603E 5,500 1,630 1,900 - -

This allowed for a significant increase in engine power at low and medium
altitudes (Fig. 5). Alternatively, in systems adapted to inject water with methanol, it
was possible to use water with ethanol (49.5% water, 50% ethanol, 0.5% anti-corrosion
agent) (Bridgman, 1945). In some American engines, such as the Allison V-1710 and
at the end of the war also in British ones, water injection was replaced with water-
methanol injection, just like in German engines (Lumsden, 1994; Connors, 2010).
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Figure 5. Altitude characteristics of an example German engine without injection,
with MW 50 injection, with MW 50 injection and increased charging pressure, and

with GM 1 or pure oxygen injection (Bridgman, 1970).
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Some versions of the Daimler-Benz DB 601, Junkers Jumo 213 and BMW 801
engines use nitrous-oxide injection. The official name of this system is "ha-ha" or
"laughing gas". The designation is GM 1. The gas injected under high pressure was in
the form of a liquid, which then evaporated in the charge air. In addition to its cooling
properties, nitrous-oxide acted as an oxidizer, which allowed for a higher oxygen
content in the cylinder during combustion and meant an increase in engine power at
high altitudes (Fig. 5) (Bridgman, 1970).

The BMW 801D engine uses gasoline injection into the charge air. By
evaporating, it also allowed the charging air to cool. With the increase in the charging
pressure, this allowed for an increase in the maximum power from 1730 hp (1272 kW)
to 1870 hp (1375 kW) (Bridgman, 1996).

Unconventional Charging Systems.

The last method of charging aircraft engines introduced into operation was created
at the turn of the 1930s and 1940s. It involved recovering power from exhaust gases
by the turbine and transmitting it to the crankshaft. Such a solution is referred to as a
turbo-compound. The system usually worked with a mechanical supercharger, but
there were also engines that were also equipped with a turbocharger. For the first time,
such a supercharging method was used in the Rolls-Royce Crecy (Nahum, Foster-
Pegg, & Birch, 2013). It was a two-stroke engine in an in-line system (Rubbra, 1990).
Many consider it to be the peak example of the development of piston aircraft
propulsion (Petczynski, 2023b).

The most famous engine with such solution is probably the Wright Turbo-Cyclone
R-3350, which was equipped with a two-speed mechanically driven centrifugal
supercharger. In addition, three turbines were connected via a gear to a shaft to which
they transmitted the recovered power. Turbo-Cyclone engines were used in the recent
large piston engine-powered passenger aircraft, such as the Douglas DC-7 and the
Lokheed Super Constellation (Taylor, 1971). The second well-known example is the
Pratt and Whitney R-4360 in a four-row radial system, which turned out to be even
better than the aforementioned Wright engines. In some versions it was equipped with
a turbo-compound, turbocharger and mechanical supercharger (Connors, 2010). It
became the power plant for large military aircraft such as the Convair B-36 Peacemaker
bomber.

An interesting engine exploiting the described solution was also the British two-
stroke, self-ignition Napier Nomad (Gunston, 1998). The engine, although very
interesting, was not a success due to the growing popularity of turbine engines, with
which it could no longer compete.

A properly designed engine exhaust system allows exhaust gases to be directed
rearward in order to obtain additional thrust. An example would be the Rolls-Royce
Merlin, in which it was possible to increase the thrust of the propulsion system by
approximately 670 N. Estimated for such a system, during a flight at a speed of
approximately 480 km/h, one pound of force, i.e. 4.45 N, is equivalent to additional
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1 hp in the engine, assuming a propeller efficiency of 80%. This means that the
obtained thrust corresponds to a power of approximately 188 hp (Nahum, Foster-
Pegg, & Birch, 2013). At the end of World War II, Rolls-Royce conducted research on
developing the concept of using exhaust gases to create additional thrust. According to
the first, simplest version, the exhaust gases were to go into a channel through which
air flowed. The exhaust gases increased the mass flow in the channel and their energy.
Thanks to this, a certain thrust was created. There were several versions of this solution,
designed as a straight channel or additionally connected to a mechanical supercharger
or turbocharger. A further development was the afterburning of exhaust gases in the
channel, which would additionally increase thrust (Nahum, Foster-Pegg, &
Birch, 2013).

The solution was provided for the Rolls-Royce Crecy engine. In 1942, a project
was created to use it in the Supermarine Spitfire airplane. According to calculations,
taking into account the thrust of the exhaust gas, the maximum speed would be
792 km/h. The airplane with the Rolls-Royce Griffon engine produced at that time was
able to reach 665 km/h (later versions with the Griffon engine reached approximately
730 km/h) (Nahum, Foster-Pegg, & Birch, 2013).

In 1943, the concept of using Crecy engines in the De Havilland Mosquito aircraft
was also created. Ultimately, it turned out that it was impossible to use the full
capabilities of the engine in both the Spitfire and Mosquito airplane due to the risk of
easily exceeding the maximum permissible speed. For this reason, the decision was
made to use the Crecy engine in the more durable airframe of the North America P-51
Mustang airplane. According to calculations, it could achieve a maximum speed of
approximately 965 km/h (Nahum, Foster-Pegg, & Birch, 2013).

Similar research has been carried out by Pratt and Whitney since 1946 in the
R-4360 engine. The exhaust gases coming out of the cylinders powered an additional
turbojet engine. Through channels from the exhaust valves, exhaust gases moved to the
combustion chamber, into which fresh air, compressed with a separate compressor,
entered. Behind the combustion chamber there was a turbine that powered the jet
engine's supercharger and transferred some of the energy to the piston engine's
crankshaft. Exhaust gases from the turbojet engine provided additional thrust
(Connors, 2010)

Current Development of Supercharging of Piston Aircraft Engines.

Currently, most piston aircraft engines are not designed for high-altitude flights
above 4,000 meters. For this reason, a significant part of currently produced aircraft
engines are not equipped with superchargers. There is a tendency to use supercharging
to ensure the highest possible pressure at sea level, which is intended to improve engine
performance, among others, during takeoff (Walentynowicz, 2011).

Increasingly frequent use of direct fuel injection (Walentynowicz, 2021) allows
for greater charging pressure at low altitudes. The reason is the lower risk of knocking
combustion. In recent times, it has been possible to notice the abandonment of
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mechanically driven superchargers to turbochargers. Mechanical superchargers are still
produced for older engine types and a few new ones. Therefore, their use is becoming
less frequent.

Due to the currently slower development of aircraft piston engines than
automotive engines, it will be more and more common to encounter the transfer of
certain solutions typical of automotive drives to aircraft engines (Petczynski, 2025).

Conclusions.

At the beginning of the 20" century, in order for airplanes to fly at higher and
increasing altitudes, it became a problem to develop an appropriate propulsion system
that would allow maintaining adequate power within the required altitude range. Three
methods have been developed to achieve this. The first, historic method, is to design
an engine designed to operate in the air density prevailing at the assumed altitude. This
solution is described primarily in source materials from before World War II
(Sherbondy & Wardrop, 1920) The second one is to ensure proper height adjustment
of the carburetor, which allows to maintain an appropriate excess air ratio. The third,
most effective way is to ensure the highest possible mass of air entering the engine
cylinders, despite the decreasing air density with the flight altitude. This is
accomplished using superchargers.

Turbochargers were the first to appear in aviation. They allow to maintain the
most constant altitude characteristics. In addition, their efficiency increases with
height. Initially, the main problem was the resistance of the materials used to the
exhaust gas temperature (Petczynski, 2023b).

Mechanically driven superchargers in aviation initially became much more
popular than turbochargers. These were almost exclusively flow superchargers. It was
easier to build a gearbox for a mechanical flow supercharger than for a sufficiently
durable turbine. It is much more difficult to obtain achieve pressure with a mechanical
supercharger over the widest possible range of altitudes. For this reason, complex two-
speed or two-stage systems were used. Moreover, the efficiency of the mechanical
supercharger decreases with increasing flight altitude. Since World War II, there has
been a slow process of abandoning mechanical superchargers in favor of turbochargers.

From the second half of the 1940s and 1950s, piston aircraft engines were
replaced by turbine engines in most of their applications (Opara, 2006). For this reason,
most aircraft piston engines are currently designed for flights at low altitudes of up to
3,000—4,000 meters and therefore only some of them are supercharged. These are
usually turbochargers or mechanical superchargers in older types of engines still in
production (Smith, 1986). An example is the Asz-62IR engine, which is a licensed
version of the Wright R-1820 engine from 1931. It is currently produced by
WSK “PZL-Kalisz” (Kotelnikov, 2005).
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SAxy06 IleapunHcbKu
[To3HaHChbKUM TeXHONOTIYHUM yHIBepcuTeT, [lonbia

Mauei baiiepaeitn
[To3HaHChbKUM TeXHONOTIYHUM yHIBepcuTeT, [lonbia

Oruisig icTopii pO3BUTKY CHCTEM HAYBY NOPIIHEBUX aBialliiHUX ABUTYHIB

Anomauia. Ilpeomemom cmammi € 027150 HAUBANCIUBIUUX haKkmid 3 icmopii
PO3BUMKY CUCIEM HAOOY8Y NOPUIHEBUX ABIAYILIHUX 0BUSYHIB — 8I0 3aPO0NCEHHs agiayii
00 Cb0200EHHS, 3 0COONUBUM AKYEHMOM HA Nepiod OOMIHYBAHHS NOPUIHEBUX OBUSYHIB
6 asiayii, moomo neputy nonosuny XX cmonimmsa. Y poobomi 3ocepeddiceno ysazy Ha
KOHCMPYKMUBHUX ~DIWEHHAX, 5KI Oyiu po3poOieHi npomseomM pokKie 1 manu
be3nocepeonill  6NAU8 HA  eKCHIYamayiuHi  NOKA3HUKU — OBUSVHIB,  BUCOMHI
Xapakxmepucmuxu, a omoakce, U HA JAbOMHO-MEXHIYHI Xapakmepucmuku jaimaxis. ¥V
nepuux po30inax makoic GUCBIMAIOIOMbC NPUYUHU UKOPUCMAHHS HAO0)Y8) 8 asiayii,
Wo BUNIUBAIOMb 3 HECHPUAMIUBUX BUCOMHUX XAPAKMEPUCMUK aAMMOCHepHUX
08U2YHIB, 0BUSYHIE MANOI 8ucOmuU AO0 08ULYHIB, OCHAWEHUX NPOCMUMU CUCMEMAMU
He UCOMHO020 HA00V8y. Memow cmammi € 8ceOiuHe OKpecleHHs meMu HAO00y8y
NOpUWIHesUX asiayiiHux OBUSYHIB, BGKIYANYU He Jule ICMOopilo pOo36UMKY, a U
nepcnekmusu yici mexuonocii. I1yonikayiro nio2comoeieno Ha OCHO8I imepamypu, a
nepeoycim — Ha OCHOBI 3I0PAHO20 0HCEPENLHOCO MAmepiany, maxko2o sIK Kamaiozu,
apxieui nyonikayii ma xamanoz2osi 6azu Oauux. Bonu Oozeonsaroms He nuuie
O3HAUOMUMUCS 13 Peani308aHUMU PIUEHHAMU, dle U OYIHUmuU ma npoanatizyeamu ix
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6NIUE HA (DYHKYIOHANbHICMb O8USYHA. 3HAHHA GUCOMHUX XAPAKMEPUCTUK YU
eKCnlyamayiuHux NOKA3HUKI6 O08UcYHa 0A€ 3M02y  OYIHUMU  OOYLIbHICIb
BNPOBAOICEHUX KOHCMPYKMUBHUX PilleHb Y 11020 cucmemi Haoodysy. Tlodibna poboma
suMazac He auuie ICMOPUYHUX OOCTIONHCEHb, WO CRUPAIOMbCs Ha Odcepend, a U
MEXHIYHUX 3HAHbL [HJCeHepd, 30AmHO020 [HMepnpemysamu KOHKPEemHi meHOeHyil
PO3BUMKY KOHCMPYKYILL MAWUH, 30KpeMa O8USYHI8, ma iX 6NuU8 HA eKCHJIYyamayititi
noxazuuxu. Takuii nioxio 00360JA€ He Tuuie OnUcamu Mutyie, a i 6UseUmMU meHOeHYii
PO36UMKY NPOMA20M DOKIB. AHANI3 ICMOPUYHUX KOHCMPYKYIU 1 eKCHIYyamayitiHux
NOKA3HUKIB 4aCmO I2HOPYEMbCA 8 HAVYI, OCKIIbKU 8UMA2AE pOOOMU HA CMUK)Y 080X
oucyuniin — mexHiyHoi ma icmopuyunoi. Ilpome 6in € 8axciusum 0ns po36UmKYy icmopii
MeXHIKU, OCKLIbKU CIMOCYEMbCA il YeHMPAIbHO20 00 €KMA — MEXHIYHUX 3Ac00i8.

Kniwowuoei cnosa: cucmemu Haooysy, nopuiHesi asiayiiHi O0BUSYHU, BUCOMHA
Xapaxkmepucmuka, icmopisi O8UCYHI8
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Automotive engine innovation in Francoist Spain through the Sociedad de
Técnicos de Automocion (STA), 1949-1974

Abstract. In Spain, there is a lack of historical-sociological approaches to the
professional association of engineers of all kinds in general, and automotive engineers
in particular, due to the absence of any academic trend or school interested in the study
of professions. For this reason, the purpose of this article is to examine the
technological changes and development of automobile engines manufactured in Spain
during the Francoist regime, based on the innovations of professionals working in the
Spanish automotive industry explained by themselves. Our research is grounded in a
theoretical framework stated by Cultural History and its reflections on collective
imaginations, understood as a mental or conscious frame that can be studied by
researchers, to the extent that they are shared by members of any kind of human group
as an identity issue: in our case, the Spanish automotive engineers. In addition, the
chosen methodology is the study of historical scientific press, where the review of 32
articles written by engineers for the journal Revista de la STA and published by the
Sociedad de Técnicos de Automocion between 1949 and 1974, provides a glimpse of
these people’s collective imagination as they describe their inventions and the entire
procedure to achieve them, bringing to light successful discoveries, problems, ill-fated
attempts and concerns of all kinds. During the years of Francoist autarky, automotive
engineers grappled with the great challenge of overcoming financial adversity and
scarce resources to physically produce their innovations in engines, whereas during
the developmentalist period, which enjoyed better socio-economic conditions following
the Economic Stabilisation Plan of 1959, they undertook new experiments to produce
increasingly sophisticated innovations. In its own way, automotive engineers’ work
was therefore essential in promoting economic growth in Francoist Spain, leaving
behind the poverty of the 1940s and 1950s for the consumer society of the 1960s and
1970s. Ultimately, the article concludes how the Revista de la STA, employed as an
historical primary source throughout the research, demonstrated its complete
preference for innovations promoted by engineers related to automotive state-owned
companies, leaving aside those ones from private companies.
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Introduction.

The autarkic experiment initiated by the Francoist dictatorship in Spain from 1939
on plunged the economy into an unsustainable situation characterised by poverty,
famine, shortages of raw materials, international isolation and more (Richards, 1999;
Del Arco Blanco, 2006). While autarky and state interventionism would continue to be
presented as indispensable principles to sustain a mirage of national wellbeing and
alleged economic independence in the 1950s, several changes in economic policy
gradually led to economic —but by no means political— liberalisation that was firmly
established by the 1960s (Mayayo, Lo Cascio, & Rua, 2011, p. 73).

Those years witnessed a new movement called developmentalism, which
triggered an industrial, technological and social transformation that the historians and
political scientists Guy Hermet (1977), Fernando Heredia (1997), Antonio Cafiellas
(2006), Sebastian Balfour (2012) and Anna Catharina Hofmann (2023) have described
as the authoritarian modernisation of Francoism. Specifically, the turning point came
in 1959 with the implementation of the Economic Stabilisation Plan, which launched
a few years of accelerated economic expansion that would change the structure of
society and modernise Spain (Payne & Palacios, 2014, p. 391; Risques, 2015,
pp. 182—183).

While the trade deficit, the rate of inflation and the budget deficit had increased
excessively since 1950 (Maluquer de Motes, 2014, p. 258), the opposite started to
happen in 1960: the trade balance recorded a surplus, inflation stopped and the budget
deficit vanished, enabling the country’s incipient incorporation into the dynamics of
the Western consumer society and overcoming the fallout of the autarkic disaster
(Risques, 2015, pp. 182—183), to such an extent that historians describe the period from
1960 to 1973 as an economic miracle (Maluquer de Motes, 2014, p. 293),! promoted
by the indicative planning of the three Development Plans: 1964—-1967, 1968—1971
and 1972—-1975 (Zaratiegui, 2019, p. 489).

Eager for legitimacy, the dictatorship gave credit to Francisco Franco’s genius
and skill, which was refutable since he personally was solely interested in autarky and
demonstrated little common sense and even naive credulity in applying it (Preston,
2017, p.741). Indeed, the true developmentalist impulse only came from the
technocratic government formed in 1957 with ministers attached to Opus Dei like
Laurea Lopez Rodd, Mariano Navarro Rubio and Alberto Ullastres Calvo, who,
charged with designing a new economic policy, chose to liberalise Francoist Spain and
integrate it into the international capitalist system (Preston, 2017, p. 742; Payne &
Palacios, 2014, pp. 437-438).

' Other authors delimit the period of the economic miracle between 1962 and 1973, the eleven years of the
highest growth in Spanish history with a 7% annual GDP (Mayayo, Lo Cascio, & Rua, 2011, pp. 120-125).
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Spanish economic growth during Francoism occurred in a context of exceptional
prosperity in the Western world, the golden age of capitalism that Eric J. Hobsbawm
(1995, p. 261) places between 1945 and 1973, from the end of World War Il to the first
oil crisis. The development therefore established new guidelines for behaviour and
consumption that changed all areas of personal, family and collective life in Spanish
society (Risques, 2015, pp. 172—173), the most significant being the increase in
mobility and independence provided by the automobile, a symbol of social
modernisation, as a means of private transport (Maluquer de Motes, 2014, p. 307).

Several academic studies analyse the impact and transformation brought by
automobiles to societies all over the world. The first one ever published, by
John C. Burnham (1961), speaks of the concept of automobility. Works with a
worldwide approach include Steven Parissien’s The Life of the Automobile (2014),
covering the history of the automobile from 1885 and the first motorcar to the present,
and two studies by Gijs Mom (2015; 2020) focused on the Atlantic dimension of
automobiles first and on their completely global expansion later, giving way to a
modern automotive culture throughout the 20th century that remains active today.
Furthermore, there are quite a few national perspectives, such as, for example among
many others, those by John B. Rae (1965), James J. Flink (1976), Michael L. Berger
(2001), Tom McCarthy (2007) and John A. Heitmann (2009) for the United States;
Harold J. Perkin (2016) for the United Kingdom; David Inglis (2004) and
Eamon O Cofaigh (2022) for France; Rolf Spilker (2012) and Bernhard Rieger (2013)
for Germany; Jonathan R. Zatlin (1997), Lewis H. Siegelbaum (2011) and Luminita
Gatejel (2017) for former USSR republics and other Soviet satellite countries; and
Ricard Rosich for Spain itself (2022a; 2022b; 2023).

In Francoist Spain, the automobile certainly brought about industrial,
technological and social transformations characteristic of the new developmentalist
economic dynamic. In this context, there was an expansion of automobiles at relatively
affordable prices for a considerable mass of people, though still not the majority,
considering that the number of automobiles manufactured soared from 637 in 1950 to
1,140,776 in 1978 (Ortiz-Villajos, 2010, p. 138, 151), with socio-cultural data showing
a rise from 4% of households with an automobile in 1960, one vehicle for every fifty-
five inhabitants, to 35% in 1971 and 46% in 1974, one vehicle for every nine
inhabitants (Cazorla, 2016, pp. 260-261; De Riquer, 2010, p. 657).

From the triple industrial, technological and social transformation that led to the
expansion of the automobile in Francoist Spain, this article aims to investigate its
involvement in technological change, highlighting the development of automotive
engineering from the years of autarky to those of developmentalism and approaching
the collective imagination of professionals in the automotive industry. In fact, this
people achieved their expansionist objectives and turned into a new social elite
alongside, whilst providing society with innovations in favour of more and better
automobiles to be driven, contributing through their modernisation to the political
survival of the Francoist regime. This supports Lino Camprubi’s thesis (2014)
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attributing a social and political role to all kinds of Spanish engineers in the
configuration of the country during both the periods of autarky and developmentalism
under Francoism by using technology as the key for modernisation towards Spaniards’
progress and thereby propping up the dictatorship itself.

Research Methods.

This article concerns about the lack of historical-sociological approaches to the
professional association of engineers in Spain, which Darina Martykdnova (2021,
p. 310) has attributed to the absence of any academic trend or school interested in
studying the professions in Spain. In order to place a contribution in this area, we
propose the Spanish automotive engineers’ case of study during Francoism, taking
attention on a chronology when several innovations were made and Spanish society
started its motorization process. Our interest is focused on all those technological
experiments and reflections explained personally by the key figures in this history, that
is, the Spanish automotive engineers themselves. This approach considers academic
theories from Cultural History field of study, which explores how reality takes part in
the construction of collective representations in human experience (Chartier,
1992, p. IV). Thus, the research engages with the concept of collective imagination:
mental or conscious frameworks shared by groups, communities or societies that
possess an identity issue in common (Burke, 2006, pp. 83-85).

Our qualitative methodology seeks to document the technological innovations
embedded in the collective imagination of Spanish automotive engineers during the
Francoist era. In order to uncover their contributions to the modernisation of the country,
this article adopts a case study approach centred exclusively on innovations made in
automobile engines. We use as a historical source the review of 32 articles written by
automotive engineers for a periodical publication called Revista de la STA, which was
issued by the Sociedad de Técnicos de Automocion (STA), a private institution in charge
of overseeing progress in automobile technology by bringing together under its
philosophy the professionals ready to make it possible. The article spans the period from
1949 (autarky), when both the STA and the Revista de la STA were founded, to 1974
(developmentalism), when the journal published its last issues before stopping temporarily
for one year. The body of the article is structured in four main sections: 1) the importance
and contributions of the STA to Spanish automotive engineering; 2) the significance of
experiments with diesel engines to motorise a country in great need of improvement in the
transport of goods and passengers by road (trucks, taxis and buses); and mechanical
innovations applied to both diesel and petrol engines, highlighting 3) the internal
combustion process on the one hand and 4) the lubrication process on the other.

Results.

1. The STA: inception, essence and domestic and international projection.

The STA (see Figure 1), which still exists today, was created on 24 February 1949
during the assembly of an organising committee made up of automotive engineers from
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Spain at the time, residing in Barcelona, who worked together to create an associative
organisation that looked after collective benefits with the technological advancement
of an industry that was being (re)built after the destructive Spanish Civil War and its
following backwardness.” The new association was established in the premises lent by
the Asociacion Técnica Espariola de Estudios Metalurgicos (ATEEM), which had
existed since 1943 (ATEEM, 1946, p.55), and its registered office was also in
Barcelona. It could only see the light of day after the chair of the organising committee,
Ramoén Duran, obtained authorisation from the sub-secretariat of the Ministry of the
Interior, and during the founding act the minutes state that it was created for the
ultimate purpose of “putting automotive technology in our country where it belongs”.?
The STA was managed by two boards: the supervisory board, formed by
Wifredo P. Ricart as chair and by board members Andrés Barcala, Julio Renteria,
Manuel Junoy, Mariano Fernandez de Cordoba and Sebastian Nadal; and the managing
board, composed of Wifredo P. Ricart as chair, with Miguel Guinea as first deputy
chair, Miguel Elizalde as second deputy chair, Carlos Coll as secretary, Manuel Serda
Torell6 as vice-secretary, Manuel Torrado as treasurer, Ramon Durdn as accountant
and voting members Carlos Maria Carreras Rius, Fernando Medialdea, Juan Miralles
de Imperial and Andrés Montaner.*

NANNIFTEIYAM '™ TN [rerne ™Ire Al I'T"rS R g rnirman
CIEDAD DE TECNICOS DE AUTOMOCIHH

Figure 1. Logotype of the Sociedad de Técnicos de Automocion (STA, wo/d).
The Article 4, letter d) of the founding statutes explained the initiative “to promote
congresses and periodic meetings to publicise and discuss the information received or
other topics of interest for the purposes of the Association and to attend international
congresses and meetings with the same ends”.> This goal was particularly important
due to the web of alliances and transnational connections weaved between the Spanish
automotive engineers associated with the STA and their foreign European, Anglo-

Saxon and even Japanese counterparts, flowing with exchanges of ideas that were
mutually enriching and especially valuable for the professionals of the STA, who not

* STA Editorial Team (1949). Actividades sociales. Constitucion de la S.T.A. en la asamblea de 24 febrero,
1949. Revista de la STA, 1 (1), 75 [in Spanish].
? Ibid.
* Ibid.
> Archive of the Sociedad de Técnicos de Automocion (ASTA). Sociedad de Técnicos de Automocion (S.T.A.).
Estatutos, wo/d, wo/b [in Spanish].
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only were pleasantly interested in finding out what was being invented on the other
side of the Pyrenees, the Atlantic and the Pacific, but they also wanted to share their
own studies with the rest of the world.

We cannot understand this eagerness and determination without knowing Spain’s
historical importance before the Civil War as a world-class benchmark in automobile
manufacturing during the first third of the 20th century, with Barcelona as the cradle
of the engine and the launch of various small and medium-sized initiatives such as
Elizalde, but also brands with greater global impact like Hispano-Suiza and Ford. Due
to their historical awareness of their predecessors, the founding members of the STA
unsurprisingly decided to appoint several honorary members. These included
international automotive engineering authorities like France’s Maurice Norroy and the
United Kingdom’s Harry R. Ricardo, clearly for their critical contributions, but also
figures of the Spanish automotive industry such as Switzerland’s Marc Birkigt, who
had co-founded the now-defunct company Hispano-Suiza with Spain’s Damia Mateu
and Francesc Seix in 1904, and Carmen Badia, the widow of Arturo Elizalde, who had
continued to run the company Elizalde (founded in 1908) since her husband’s death in
1925, even though it focused on aviation engines and no longer on automobiles at that
time.®

Despite autarkic Spain’s international isolation, the STA expressed its desire to
connect associated technicians with their European counterparts in the first steps it took
as an institution. During the first meeting of the supervisory and management boards
on 3 March 1949, the chair of both boards, Wifredo P. Ricart, proposed to incorporate
the STA into the Féderation Internationale des Sociétés d’Ingenieurs des Techniques
de ’Automobile (FISITA), based in Paris, with an alternating presidency that would
begin with Maurice Norroy and later pass on to other figures, including Ricart himself
between 1957 and 1959. Created in 1948, the FISITA still exists today (see Figure 2).
Ricart’s motion was approved unanimously. As explained during the session in
question, the FISITA served as an umbrella for different automotive engineering
associations equivalent to the STA that had been created in different countries and with
which it was interested in maintaining close intellectual contact.

These associations included the French Societé d’Ingenieurs de [’Automobile
(SIA), the Italian Associazione Tecnica dell’Automobile (ATA), the Franco-Polish
Societé d’Ingenieurs Téchniques Polonais — Frangaise (SITF) and the Swiss
Schweizerischen Auto Techniker-Verband (SATV).” With the addition of the STA, we
can see that the FISITA had five members from its early days in the late 1940s, though
the number of federated automotive engineering associations would grow in the years
to come and reach a total of fourteen members by its 25th anniversary in 1972, with
the anticipation of achieving twenty members shortly thereafter, following the

% ASTA. Primera Sesion de las Juntas Superior y Directiva de la S.T.A., del 3 marzo 1949, wo/d, wo/b [in
Spanish]; ASTA. Sesion de las juntas superior y directiva del 4 marzo 1949, wo/d, wo/b [in Spanish].
7 STA Editorial Team (1950). La reunién de F.I.S.I.T.A. del dia 10 de octubre de 1949. Revista de la STA, 11
(3), 90-91 [in Spanish].
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momentous incorporations of the British Institution of Mechanical Engineers —
Automobile Division (IMechE-AD), the German Verband Der Automobilindustrie
(VDA), the Belgian Societé Belge d’Ingenieurs de |’ Automobile (SBIA), the American
Society of Automotive Engineers (SAE), the Japan Society of Automotive Engineers
(JSAE) and the Society of Automotive Engineers — Australasia (SAE-A); in 1972, it
was also estimated that around 25,000 engineers were part of FISITA.®

FISITA

Figure 2. Logotype of the Féderation Internationale des Sociétés d’Ingenieurs des
Techniques de I’Automobile (FISITA, wo/d).

The main outcome of the interrelationships and transnational links maintained
between these federated automotive engineering associations was the FISITA World
Automotive Congress, held once every two years until the present day in different
places around the world.” Simultaneously, each of the FISITA member associations,
spread over different countries around the world, would also participate separately and
outside the federal body in different editions of an international congress that dealt
specifically with internal combustion engines, the Congres International des
Moteurs/Machines a Combustion Interne (CIMAC), which also is still held today
biennially or triennially in different places around the world (Fleishhack & Russak,
2001).

Alongside all the congresses in which the STA would participate, there was
another showcase for its scientific and technical dynamism, the aforementioned
periodical publication Revista de la STA. This technical journal would serve as an
essential megaphone for Spanish automotive innovation that disregarded national
borders and spread throughout the world via a web of federated relations woven by the
FISITA. It was a primary objective of the STA from the start; indeed, its creation was
planned in the founding statutes’ section on means of action, specifically in Article 5,

¥ STA Editorial Team (1972). FISITA = 25 Afios. Revista de la STA, XXIV (94), 78-79 [in Spanish].
? An almost complete chronology with geographical locations of the editions of the congress in question can
be found at: Japan Society of Automotive Engineers (JSAE). Venues. FISITA World Automotive Congress
[online]. Date of check: 28 February, 2023. Available at: https://www.jsae.or.jp/en/int_rel/fisita.php
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letter a): “Publication of a technical automotive journal, whenever possible, which will
be sent to each of the associates”.!?

Once that was established, the first issue of the journal was published in June
1949.'"! Future issues would be published quarterly until 1974, when the one hundredth
issue was released.'? However, the STA published no issues in 1975 due to a budgetary
deficit.!3 It resumed publishing in 1976 with a smaller format and irregular periodicity,
while trying to cope with the high printing costs that a journal of such magnitudes
entailed. This continued until 2013, when the last issue was published. Certainly, the
journal aroused the interest of foreign automotive engineers who wished to publish
their studies there to share them and exchange innovative knowledge with their Spanish
counterparts, but above all a considerable majority of its scientific and technical articles
were written by Spanish automotive engineers working for the benefit of collective
technological progress in Spain.

2. A demiurge for the developmentalist automotive industry: the diesel engine.

After the tragic use of producer gas to run automobiles in the years immediately
after the Spanish Civil War (Preston, 2019, p. 369), there was great concern about
abandoning its precarious use to turn to fossil fuels like the other Western countries.
Faced with a shortage of raw materials determined by the Francoist dictatorship’s
authoritarian nature and consequent international isolation, with an oil embargo in
force (Maluquer de Motes, 2014, p. 199; Caruana, 2009, p. 25, 32), the most attractive
option for business was to invest in diesel engines, as they were more fuel-efficient
than those of the petrol system and would better optimise the dosed amount of oil that
arrived in Spain during the toughest period of autarky in the 1940s. This innovation
came to stay.

It is true that the timid economic liberalisation of the 1950s would allow attention
to shift back to petrol engines as a result of a better supply of larger amounts of essential
resources.'* Moreover, the automobiles that proliferated intensely in the streets of
developmentalist Spain in the 1960s and 1970s were powered by both petrol and diesel
engines in roughly balanced measure. Nevertheless, it is worthwhile to study the impact
of diesel engines specifically as the first great innovation that would mark the
beginning of domestic automotive development in the wake of the interruptions caused
by the Spanish Civil War, focusing especially on serving industrial vehicles (like
trucks) and passenger cars (like cabs or buses) that were used day in and day out for
work by transporters, while also impacting the rest of the automobile users to build
something that could be called diesel culture, which would surely continue during the

" ASTA. Sociedad de Técnicos de Automocion (S.T.A.). Estatutos, wo/d, wo/b [in Spanish].
" Revista de la STA, 1 (1), 1949 [in Spanish].
12 Revista de la STA, XXVI (100), 1974 [in Spanish].
"> STA Editorial Team (1976). Editorial. Revista de la STA, XXVIII (101), 9 [in Spanish].
' A clear example of this is the emblematic SEAT 600 (1957—1973), which always had an inline 4-cylinder
engine fuelled with petrol. See: Martin, 2022, pp. 42-61.
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intense motorisation of the late Francoism, the following decades and even into the
2 1st century.

That is, whilst Spanish-made trucks and buses were primarily factory-equipped
with diesel engines, many taxi drivers, but even private users in general, gradually
became interested in transforming their original petrol-powered utilitarian vehicles into
diesel-powered ones thanks to mechanic workshops that could install English-made
Perkins diesel engines or cheaper and equally efficient Spanish-made Barreiros diesel
engines (Garcia Ruiz & Santos Redondo, 2003, p. 73, 75, 77-78, & 83). This successful
implementation of a diesel culture in Spain reflects some similarities with the situation
of other European countries, like Germany, where Volkswagen and Mercedes-Benz’s
diesel engines became more popular between the 1960s and 1980s by achieving low
fuel consumption together with good performance and good driveability; yet it differs
totally from what happened in the United States in the same period of time, as General
Motors’ diesel engines offered low reliability, and as a result, American customers had
very negative perceptions of all diesel engines, regardless of the manufacturer
(Neumaier, 2010, pp. 123-126 & 136—137).

As Spanish technician Adrian Fonollosa Rodriguez explained in the opening
lesson of the 1971-1972 Advanced Automotive Course organised by the STA, the
diesel engine works in such a way that an injector obtains the diesel fuel via a pump
and sends it into the combustion chamber of the cylinders, where it is ignited by some
heated parts. When the pistons slide up, the air is compressed and heated at a much
higher ratio than petrol engines operating with spark plugs. This results in less fuel use
each time the fuel ignition process is repeated while the engine is running. '®

Pegaso trucks and buses were subjects of the pioneering research in diesel engines
carried out in Spain since the creation of the Empresa Nacional de Autocamiones, S. A.
(ENASA) in 1946, in the midst of the autarkic economy. Aimed at producing its own
technology and achieving independence from external supplies, ENASA was driven
by the talent of professionals who were part of the Centro de Estudios Técnicos de
Automocion (CETA), created that same year. Their mutual cooperation involved CETA
acting as an automotive laboratory for planning and research-based experiments whose
results it shared with ENASA at the time or later. Apart from the designers and
engineers on ENASA’s team, who were usually affiliated with CETA at the same time,
it was also formed by a workforce trained for industrial manufacturing and production
(Gonzélez et al., 2013, p. 439; Nadal, 2019, p. 290).

Both companies, whose mission was to promote automotive industrialisation,
were created by Juan Antonio Suanzes as president of the Spanish government’s
Instituto Nacional de Industria (IN1), a public institution in the image and likeness of
the fascist Italian Instituto per la Ricostruzione Industriale. It was founded in 1941 to
ensure state supervision and intervention in several industrial projects with substantial

'* Fonollosa Garcia, A. (1972). Inyeccion en el motor diésel. Revista de la STA, XXIV (93), 38—44 [in Spanish].
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financial investment (San Roman, 1995, p. 142; De Corso, 2015).'® This is where
Wifredo P. Ricart entered the scene (see Figure 3). An industrial engineer who had
acquired extensive knowledge at the Italian firm Alfa Romeo, Ricart was working with
a group of people that included specialists from the Barcelona-based manufacturers
Eucort and Elizalde (Catalan, 2017, p. 91; Catalan, 2000, p. 124; Nadal, 2019,
pp. 288-289). As such, the INI chose him between 1945 and 1946 as the ideal person
to be entrusted with managing the leading both ENASA and CETA (Lage, 1992,
p. 119).

b,
j ‘\

|

Figure 3. Portrait of Wifredo P. Ricart (Merle, 2011).

To be precise, ENASA was built over the ruins of the legendary company
Hispano-Suiza, which had been in decline since the Second Republic and was unable
to sell its luxury cars after the Spanish Civil War: as soon as it was forced to cease
operations, the INI, which had never done anything to help it to survive, took advantage
of its fall to buy the La Sagrera factory (see Figure 4), thereby capturing its technical
and infrastructural capital for ENASA (Nadal, 2019, pp. 295-296; Catalan, 2017,
p. 92; Catalan, 2000, p. 124). ENASA inherited from Hispano-Suiza a diesel engine
prototype devised in 1946 by engineers Marc Birkigt and Louis Birkigt called 66D
(Lage, 1992, pp. 111 & 142—-145), which it presented as the ideal basis for building the
heavy vehicles that it was charged to produce (Nadal, 2019, pp. 287-288). These heavy

' Ley de 25 de septiembre de 1941 por la que se crea el Instituto Nacional de Industria. Boletin Oficial del
Estado (BOE), 273, 30 September 1941, 7516-7519 [in Spanish].
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vehicles were considered necessary for boosting the sluggish economic activity in
Spain under the terms laid out in the National Motorisation Plan of 1940.!7
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Figure 4. Old HispaSza S fctdry inLa Sagréra, Barcelona (}fispan—Suiza,
wo/d).

Considered a towering figure in the business world and one of the fathers of the
Spanish automotive industry during the Francoist era, Wifredo P. Ricart is also
remembered for having been the president and a founding member of the STA itself.
In early 1950, he was already well aware of the ever-increasing supremacy of diesel
technology, particularly in the field of utility trucks for transporting goods and people,
saying:

“The development of industrial transport by road in all countries [...]

is creating major problems from a technical and constructive point of view.

The competition demands a continuous drop in the cost per useful tonne-

kilometre. [...] For vehicles with over eight tonnes of total cargo weight, on

the ground, we find that the diesel engine is used almost exclusively for new

types of construction in Europe”.!®

In fact, this is how he justified the significance of his research in later years, which
consisted of manufacturing a diesel engine model that offered higher performance to
improve driving, gears —while making them more refined— and the relationship
between useful weight and tare. To top if off, even if it seems contradictory, he also
sought to further reduce fuel consumption specifically. This is how he adapted a torque
converter and a turbine to a simple kind of diesel engine: the invention could suck the
gases from the exhaust pipe and recirculate them through the mechanical system,

"7 Decreto de 10 de febrero de 1940 dando normas para implantar la fabricacion del automévil. BOE, 56, 25
February 1940, 1378-1380 [in Spanish].
'8 Ricart, W. P. (1950). Motores para Vehiculos Industriales. Revista de la STA, 11 (3), 13 [in Spanish].
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generating energy that sent more air to the engine (supercharging). This improved
performance without needing to use more fuel, thereby reducing the global
consumption index.!”

The emergence of this mechanical engineering, designed and manufactured
entirely in Spain as a result of the insurmountable cooperation between CETA (Madrid)
and ENASA (Barcelona), was inspected at great length in 1950 by the industrial
engineer Manuel Serdd Torell6, CETA’s head of experiments and chief mechanical
engineer, who analysed each component piece by piece, including the cylinder block,
crankshaft, pistons, connecting rods, cylinder heads, valve distribution and cams,
greasing circuits, cooling equipment, injectors, injection pump, turbines and other
accessories that gave it such decisive characteristics. In particular, he was impressed
by the “overall lightness of the unit together with great rigidity and robustness of all
vital components, direct injection and a special combustion chamber with which a low
fuel consumption is obtained, absence of vibration and easy starting”.2°

In the late 1950s, the continuation of the mechanical studies carried out by
Wifredo P. Ricart and his team of professionals would result in the appearance of a
new engine model intended for maritime use. This may seem surprising because they
specialised in trucks, but in the end it is understandable since ENASA had been
founded in 1946 to support the Francoist regime’s action and intervention in the old
Hispano-Suiza company and was called upon to work in general for the “indispensable
industrial development of our Nation”.?! That would not be all: demonstrating that
there were no limits to the engineering capabilities of CETA and the highly qualified
workforce of ENASA, by 1951 a mobile engine would see the light of day, as Manuel
Serda Torelld said, built on a cast iron bench that turned it into a mechanical system
expressly designed to run generator sets —like those required by travelling commercial
and/or professional activities— or to operate any type of factory machinery.?? In 1967,
Serdd Torell6 summarised the many different versions, developments and
modifications carried out on the original Pegaso diesel engine from the creation of
ENASA in the midst of the autarkic period until the years of developmentalism.?* By
this time, he had been promoted to deputy director of the company’s projects and
experiments due to this brilliant career within the company, working side by side with
Wifredo P. Ricart.

" Ibid., 13-24.
2% Serda Torelld, M. (1950). El Motor Pegaso Diésel. Revista de la STA, 11 (3), 25 [in Spanish].
! Decreto de 1° de mayo de 1946 sobre creacion por el Instituto Nacional de Industria, de una Empresa mixta
para la construccion de autocamiones pesados y medios y de motores Diésel. BOE, 122, 2 May 1946,
3189-3190 [in Spanish].
2 Serda Torelld, M. (1950). El Motor Pegaso Diésel Marino. Revista de la STA, 11 (6), 2223 [in Spanish];
Serda Torello, M. (1951). El Motor Industrial Pegaso Diésel — Instalacion Movil. Revista de la STA, 111 (8),
67—73 [in Spanish].
3 Serdd Torelld, M. (1965). Evolucién de los motores Diésel de 4 tiempos con bloque de aleacion ligera para
camiones pesados. Revista de la STA, XVII (67), 44—49 [in Spanish].
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In the automotive professionals’ imagination, the oil shortage was still important,
as Spain continued to suffer from it just as in the early 1950s, however much their
creation of their own diesel engines had been a good step forward in energy savings.
Faced with the great obstacle of the lack of elementary raw materials, it seems that the
only possible solution was to continue innovating without falling into despair, as
revealed in the testimony of Juan Miralles de Imperial, chief engineer of the engine
department at Maquinista Terrestre y Maritima, S. A. (MTM), when he shared his work
in the development of diesel engines that could run on gas with the spectre of the
possible depletion of liquid fuel in Spain, focusing on the dual diesel and diesel gas
patents that had been released in the USA and in the rest of Europe, respectively.?*

Another possible way to deal with diesel fuel, which arrived in Spain in very
limited amounts and at a very expensive price, was proposed by Juan José de Quixano,
an industrial engineer working in MTM’s engine department. His alternative featured
the waste obtained in diesel refineries after its substance was distilled, given that this
waste produced a fuel much more economical than diesel that was called fuel oil.?

Throughout the Francoist period, the improvement and perfection of the
combustion process of diesel engines remained a subject of great concern for
automotive engineers. An early example of this came in 1950 when Manuel Serda
Torell6 vindicated the unquestionable importance of properly tuning manufactured
diesel engines to guarantee that the combustion process provided the desired results
once the customer had taken possession of the vehicle. In his judgment, several
conclusive evidences were the key, such as ensuring that the diesel and air be mixed in
equal amounts, that the combustion chamber must be shaped to allow an intermediate
compression system to perform well at both low and high temperatures and that the
injectors and injection pump must be synchronised to act according to whether the
engine revs more or less and tows a heavier or lighter load if the use of fuel is to be
optimised at all times and not wasted. 2°

A more recent example came in 1972 when Carlos Maria Carreras Rius, an
industrial engineer and technical secretary of ENASA’s factory in Barcelona, pointed
out the clear differences between petrol and diesel engines, stressing the greater
complexity of the latter since it required a constant intake of air, the air and fuel had to
mix inside the cylinder and not outside and the mixture had to ignite via thermal
compression. Since the diesel engine does not use a carburettor or spark plugs, which
petrol engines require to regulate the combustion process, Carreras Rius proposed a
method of turbulence in the diesel engine’s cylinders that caused the air inside to react

** Miralles de Imperial, J. (1950). La marcha Diésel-Gas. Motores alimentados con combustible liquido o
gaseoso indistintamente. Revista de la STA, 11 (5), 75 [in Spanish].
> De Quixano, J. J. (1951). Empleo de fuel-oil en los motores Diésel. Revista de la STA, 111 (10), 52-62 [in
Spanish].
%6 Serd4 Torelld, M. (1950). Puesta a punto de la combustion en los motores Diésel rapidos. Revista de la STA,
II (4), 61-69 [in Spanish].
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uniformly with the incoming fuel, satisfactorily ensuring that “‘each molecule of fuel
finds its corresponding oxygen molecule to guarantee good combustion”.?’

Closely linked to the issue of fuel, automotive professionals also thought about
the nature of the power that a diesel engine could generate and the factors that
influenced it for better or for worse. Thus, in 1965, José G. Pérez Castillo, an engineer
and head of quality control at ENASA in Madrid, theorised that the driving force of a
diesel engine was conditioned by an atmospheric factor —depending on whether more
or less air entered the cylinders—, due to the state of the fuel —namely, the hotter it
got, the more calories were activated in the combustion chamber, boosting
performance— and ultimately owing to the engine itself —since the injection pumps
had a fuel transfer limit that could not be exceeded, so the power was limited to their
maximum performance—.2® Pérez Castillo revisited the subject again in 1969, setting
out to investigate the extent to which atmospheric variations caused by meteorological
or geographical changes, as well as variations in the composition of diesel fuel coming
from different refineries, could alter engine power and/or the amounts of fuel
consumption.?’

We must also mention a series of small experiments that would willingly help to
diesel technology to advance during the Francoist era. In 1951, Ramén Pint6 Oliveras,
an industrial engineer and professor specialised in thermal engines at the Escola
Especial d’Enginyers Industrials de Barcelona, pointed out the twofold problem of
vehicles that transported people, as bus passengers wanted more comfort based on
reducing the noise of fast diesel engines, while their drivers wished for improvements
to the accelerator to achieve the smoother experience provided by petrol engines. Pinto
Oliveras was frustrated with his experiments using mechanical regulators until he
found satisfactory results with the invention of a hydraulic regulator that allowed him
to lower the idle speed, and thereby to reduce mechanical noise, with no danger of
stalling the engine, while simultaneously providing better power output measurement
when stepping on the accelerator. Both goals were achieved because such a hydraulic
mechanism always kept the moving parts of the engine in light and lubricated
operation.’® Like many other innovations, this one in particular clearly shows how
important it was (and of course still is) for an automotive engineer to relate to drivers
and automobile users by establishing a dialectic relationship that, above all, allowed
Pinté Oliveras to discover non-technical factors from common people who, as
explained, would help him to innovate with satisfactory results for the consumer’s

27 Carreras Rius, C. M. (1972). Combustion en los motores Diésel rapidos. Revista de la STA, XXIV (93),
31-37 [in Spanish].
28 Pérez Castillo, J. G. (1965). Correccién de potencia en los motores «Diésel». Revista de la STA, XVII (67),
34-43 [in Spanish].
% Pérez Castillo, J. G. (1969). Variacion de la potencia de los motores Diésel con las condiciones atmosféricas
y de combustible. Revista de la STA, XXI (82), 131-145 [in Spanish].
3% Pinto Oliveras, R. (1951). Regulacién hidraulica en motores Diésel rapidos. Revista de la STA, 111 (9), 55-58
[in Spanish].
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experience. In fact, researchers like Andreas Knie and Mikael Hard (2000; 2001; 2010)
have put into value this kind of technological labour procedure, under the need for
engineers not to stop just in the constructive work of their innovations and get in contact
with, in terms of historian John M. Staudenmaier (1985), a broad cultural ambience
around them to achieve the expected success, by knowing the broader industrial
context, regulatory frameworks, user views and interpretations, as well as the cultural
integration of a specific technology.

In 1952, Jos¢ Ramoén Ricart (the son of the great Wifredo P. Ricart), an industrial
engineer and head of MTM’s technical office of diesel engines, set out to solve the
classic problems presented by adapting a turbocharger to a diesel engine, thinking that
doing so still had merit because if it turned out well, it would possibly provide a way
to boost power without having to manipulate the engine’s rotation system. With this
aim in mind, he explained how to adjust the air flow for the turbocharger, its boost
pressure, the exhaust gases, the valve overlap, the injection rates and the amount of
water needed.’!

In 1962, A. Monclus Tora, a chemist working for ENASA in Barcelona, came up
with an equally important way to extend the life of diesel engines: unaware of how
diesel engine oil, which is fundamental for lubrication, evolved, and since it was
impossible for drivers to run tests in laboratories, his technique was to take a sample
of used o1l and a sample of new oil and to pour drops periodically onto a paper filter
so he could compare both pieces of evidence. As the kilometrage progressed, the spot
of used oil gradually lost the four colour zones characteristic of new oil and became
concentrated in a uniform colour, showing how the various ingredients had lost their
properties.*?

3. Improving the internal combustion process in diesel and petrol engines.

The existence of every combustion engine is justified in a process that takes place
in a matter of seconds. This process is called internal combustion, as is commonly the
type of engine itself, due to a metonymic urge to take the part for the whole. Various
mechanical agents are involved in internal combustion, such as the crankshaft,
cylinders, combustion chambers, pistons, connecting rods, cylinder head, intake
valves, exhaust valves, injectors and carburettor, all of which participate in burning the
fuel that generates driving power for the automobile.

In 1959, Gerardo Soeliger, an engineer working for the Sociedad Espariola de
Automoviles de Turismo (SEAT, S. A.) —the state manufacturer of utility automobiles
promoted since 1950 by the INI, six Spanish banking institutions and the Fabbrica
Italiana Automobili Torino (FIAT) (Catalan, 2012, p. 48)—, explained that every

3! Ricart, J. R. (1952). Adaptacion de la turbosoplante a motores Diésel. Revista de la STA, IV (11), 18-29 [in
Spanish].
32 Moncliis Tora, A. (1962). El control del aceite de motor en vehiculos Diésel. Revista de la STA, XIV (55),
46-49 [in Spanish].
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internal combustion engine had a four-stage combustion cycle of air and fuel, just like
today: the intake, the compression, the expansion caused by spark plugs (petrol
engines) or by block heaters (diesel engines), and the expulsion of resulting gases. He
also pointed out that all four stages of the process could be fulfilled in a two-stroke or
four-stroke system, depending on whether the engine was designed so that the
combustion took place in two half-turns of the piston or in four.*3

While it can be assumed that any mechanical component of a combustion engine
is indispensable to the point that any failure in particular impairs the dynamics of the
whole, one core piece for its proper operation is the combustion chamber included in
each cylinder of an automobile. The masses of air and volumes of fuel that it receives
form a potentially reactive mixture that ignited by a spark or by heat when a piston
causes compression each time it moves back and forth due to the motion of a
connecting rod connected to the crankshaft axis. Due to the complexity of working as
the space where ignition takes place after concentrating all the components that are part
of'it, it is hardly surprising that when the automotive industry resumed after the Spanish
Civil War, the combustion chamber was the first part of the combustion engine to
attract interest and even concern among automotive technicians.

A clear example of this is the research conducted in 1950 by Juan Miralles de
Imperial, the chief engineer of MTM’s engine department. Focusing on the diesel
engine, as it was presented as crucial for promoting motorisation in Spain, he
discovered that the combustion chambers in some models were designed in such a way
that they were unable to achieve the most successful performance possible. After
running a series of tests, he was able to formulate more efficient proposals. Considering
slow and large engines, he noted that the shape of their combustion chambers prevented
air from circulating easily. To remedy this, he decided to remove a central mount from
the structure and place a peripheral ring there instead, thereby allowing air to circulate
faster from the edges toward the centre. Turning his attention to small and fast engines,
he identified the smaller space of the combustion chambers as the cause of deposits of
particles that had accumulated harmfully after not having had the time or place to burn
up and discovered that by designing an orthogonal wall inside it, he could get the
accepted fuel to bounce off it and, consequently, allowing those particles’ burn up. In
both cases studied, Miralles de Imperial took the additional step of causing turbulence
in the air to make it circulate even faster, either by installing a valve with a deflector
or screen, as designed by Hesselman, or by means of the swirl compression method
innovated by the Swiss manufacturing company Saurer.** Fourteen years later, in 1964,
he would run more tests, generating turbulence to boost the efficiency of high-
performance engines, with equally successful results.>

33 Soeliger, G. (1959). ;Motores de dos o de cuatro tiempos?. Revista de la STA, X1 (42), 45-48 [in Spanish].
3* Miralles de Imperial, J. (1950). Camaras de combustion. Consideraciones y experiencias. Revista de la STA,
II (3), 55-59 [in Spanish].
3> Miralles de Imperial, J. (1964). Turbulencia. Revista de la STA, XVI (63), 57-59 [in Spanish].
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In an attempt to boost internal combustion engines’ power, Carlos Maria Carreras
Rius, an industrial engineer and technical secretary of ENASA’s factory in Barcelona,
pursued a procedure in 1952 that he described as clean to the extent that it had no
negative impact on fuel consumption. While it could be applicable to the trucks
manufactured by the company for which he worked, it actually focused on the fast
engines of vehicles that might even be prepared to enter in competitions.*® Though not
explicitly acknowledged in his research, this must be considered in context, as at
around the same time Wifredo P. Ricart was leading ENASA’s creation of the Pegaso
Z-102 (1951-1958) (see Figure 5), a sports car with a limited production run of only
84 units that would give rise to some offshoot versions suitable for racing, well beyond
the coupé and cabriolet bodies designed for use in the street (Lage, 1992, pp. 161-167).
The net increase in power that Carreras Rius advocated was specified in a basic aspect
that was nonetheless not always easy to achieve, such as ensuring that any voids in the
combustion chamber inside each cylinder were optimally filled by multiple
carburettors, at best one for each cylinder, as a way to boost the pressure of air and fuel
during their injection into the cylinders and keep both substances there firmly when
their mixture was ignited.’’

)

LA VOITURE POUR LES CONNAISSEURS
Figure 5. Advertisement of the Pegaso Z-102 (Alvarez, 2014).

3% Carreras Rius, C. M. (1952). Orientaciones para el proyecto de motores rapidos a alimentacion atmosférica.
Revista de la STA, IV (12), 38—46 [in Spanish].
37 Ibid., 44-45.
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As one can see, the issue of carburation, operating exclusively for petrol engines
—old diesel engines operated with a set of pre-chamber injectors—, was hardly
inconsequential for internal combustion. José Maiias, an industrial engineer and head
of experiments at CETA, linked to ENASA, used three different types of carburettors
in Spain in 1954. The first was a carburettor with a tube-shaped section for the constant
passage of air, which worked by delivering a diameter of fuel passage for each diameter
of air passage based on a plate popularly known as a butterfly that acted as a horizontal
throttle valve connected to the accelerator pedal cable to control the amount of air
entering to combine with the fuel coming from an open container and closed with a
valve. The second was a carburettor with a variable airflow section, which had a
noticeably different layout: the butterfly was replaced by an intake runner valve that
opened and closed on a large airflow rising and falling vertically as calibrated by the
accelerator pedal cable, while the fuel, which entered in a smaller amount through the
lower part of the component, had to be sucked by a conical needle each time the intake
runner valve was lifted, at the same time that the suction stopped when it was closed.
The third was a constant depression carburettor, which maintained the air and fuel at
low pressure. Rather unusual and only marketed by the English manufacturer S. U. at
the time, it had an internal structure very similar to that of the variable air passage
carburettor, although it worked in reverse: the accelerator pedal cable was not
connected to the main jet opening and closing to regulate the entry of air and fuel, but
moved a butterfly located at the end of the carburettor right before the engine. This
created a backward depression —a vacuum effect— that opened the main jet and
sucked the desired mixture towards the engine, without the need to exert the pressure
necessary in the other two types of carburettors.>8

A few months later, as Mafias continued exploring carburation, he came up with
the concept of inertia as a key variable for those who studied carburettors for basically
preventative reasons: whereas engines with a single carburettor supplying more than
one cylinder did not waste fuel because it was mixed with an equal amount of air, when
better engine performance was desired and a carburettor was mounted to supply each
cylinder, the air-to-fuel ratio was three quarters of fuel for every quarter of air. This
meant that the air was consumed faster than the fuel. As a result, when the main jet of
the carburettor was closed, this produced an inertial effect on the excess fuel that caused
its rejection towards the outside. Mafas proposed recovering this wasted fuel by
designing a container attached to the carburettor that would collect all the fuel to be
supplied from the start and repeatedly send it into the carburation cycle in proper
amounts to mix with the doses of air.*

Examining innovations in combustion chambers in 1956, aeronautical engineers
Segismundo Sanz Aranguez, head of the CETA laboratory department linked to

3% Mafias, J. (1954). Carburacion. Revista de la STA, V1 (21), 44-57 [in Spanish].
3% Mafias, J. (1954). Diferencias caracteristicas entre los carburadores segun se destinen a la alimentacion de
un solo cilindro o de varios. Revista de la STA, V1 (22), 35—41 [in Spanish].

137


https://www.hst-journal.com/

https://www.hst-journal.com Icmopist Hayku | mexHiku, 2025, mom 15, sunyck 1
History of science and technology, 2025, vol. 15, issue 1
ENASA, and Gregorio Millan, head of the aerodynamic studies division of the Instituto
Nacional de Técnica Aeroespacial (INTA), led the publication of some essays that
were not aimed at modifying the structure of combustion chambers as had been done
in the early 1950s, but rather at adjusting minor activity involved in the ignition
process. They started with the spraying action, when injected fuel became atomised
into droplets: both engineers argued that the size of these droplets had to be as regular
as possible to mix properly with air, which is more uniform and complete. The
evaporation of these droplets would follow. Once mixed with doses of air, these
droplets would then be subjected to powerful heat that Sanz and Millan recommended
to be around 3,000° K by means of the compression ratio between the piston and
cavities in the combustion chamber housed by the cylinder, fundamentally considering
it the ideal temperature for ignition. However, if the laminar flame coming out of the
spark plugs by default was insufficient, a turbulent flame could be produced that would
significantly speed up its propagation through the air-fuel mixture.*’ This approach was
clearly inspired by the study of air current turbulence originally reported by Jaime
Miralles de Imperial.
In 1957, the editorial team of Revista de la STA drew up a state of the question on
a very recent technological advancement that was still in the practical testing phase,
despite the years of research behind it, and prompted Spanish engineers to look in the
mirror, even though it had not even been implemented in Spain. This was Electronic
Fuel Injection (EFI). Presented as an alternative to the carburettor fitted to petrol
engines —and which would replace the diesel engine’s pre-chamber injector at the end
of the 20th century—,*' it was detailed a long list of advantages such as more power at
high revs, more low-end torque, more efficient fuel consumption and lower amounts
of polluting gases emitted, alongside disadvantages like very high production costs,
noisy operations, burdensome installation and fears that mechanical automobile repair
workshops lacked the experience to introduce electronic fuel injection into serial
production. There was a certain number of EFI devices made by some multinational
specialised firms: American Bosch Arma Corporation, Robert Bosch, Joseph Lucas,
Ramjet by Chevrolet, Bendix Electrojector, Fullcharger Corporation and Simmonds
Aeroccessories.*?, but all were involved in a technology to which autarkic Spain did
not have access; still, Spanish automotive technicians wanted to get to understand EFI,
as it was a potential alternative for the carburettors with which they were widely
familiar.

%0 Sanz Aranguez, S., & Millan, G. (1956). La combustion de combustibles liquidos. Revista de la STA, VIII
(28), 3748 [in Spanish].

*1 EFI is connected to multiple sensors and to the Engine Control Unit (ECU), which intelligently determines
the most efficient doses of air and fuel to be sent to the combustion chambers and can adapt to every
circumstance of the engine’s operations and avoid wasting resources as a result (Parissien, 2014, pp. 205-208,
& 326).

2 STA Editorial Team (1957). La inyeccion de gasolina en los motores de automévil. Revista de la STA, IX
(35),29-39 [in Spanish].
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After seventeen years with no new contributions to the study of combustion in
internal combustion engines, in 1974 industrial engineer Domingo Cabarrocas Pruneda
released a study aimed at identifying the substances inherent in fuel that wore out the
pre-chamber injectors that supplied diesel engines. Discussing the important role
played by impregnated paper filters for injector equipment, it was detected that the oil
left both inorganic and organic elements on its surface, the latter more dangerous than
the former. He therefore recommended frequently replacing such filtering components
to prevent the combustion chambers from receiving fuel at an insufficient flow rate and
pressure for supply due to the eventual obstruction of the injectors caused by waxes
and asphaltenes.*

4. Discovering the best lubrication for diesel and petrol engines.

Whether an internal combustion engine is run on diesel or petrol, its mostly
metallic components can only function properly with oils intended for lubrication,
responsible for ensuring gentle contact between them and eliminating the damaging
possibility of wear and tear.

In early 1951, an industrial engineer and laboratory chemical specialist named
Emilio Lluch provided an overview of the precariousness of raw materials in autarkic
Spain, when as historians say, it was established a system of ration cards for all goods
available in low quantities: food limitations are widely known, but the automotive
sector also suffered from industrial restrictions of steel, metallurgical materials, rubber,
fuels, etc. (Preston, 2019, p. 366; Maluquer de Motes, 2014, p. 213). This is how we
can understand Lluch’s testimony deploring the alleged lack of supply of lubricants for
the various automobiles: he wrote that in Spain, with an “insufficiently stocked market,
the types and brands recommended are not found and the user’s choice of the oil to use
presents serious problems”.**

It seems that the shortcomings he outlined were offset in the worst cases by the
use of any lubricants that did not conform to the characteristics reported by the
respective car manufacturers. However, even if no damage to the engines was clear in
the short term, from his scientific experience he knew that it would appear in the
medium and long term, entailing more frequent visits to the mechanic’s workshop, a
greater consumption of oil and fuel, difficulty starting in cold temperatures, damage to
the spark plugs and so on. While lubricant suppliers performed a juggling act in the
best of cases, trying to get oils to meet the requirements of each car as much as possible,
Lluch actually advised both users and suppliers to focus on the required viscosity of
the oily liquid and its degree of unctuousness, also discussing the possibility of adding
additives to lubricants available in Spain to achieve the properties of others that were

# Cabarrocas Pruneda, D. (1974). El circuito de combustible y su influencia en el desgaste del equipo de
inyeccion. Revista de la STA, XXVI (97), 49-56 [in Spanish].
* Lluch, E. (1951). Caracteristicas y especificaciones de lubricantes para motores. La lubricacion bajo el punto
de vista del cliente. Revista de la STA, 111 (9), 85-90 [in Spanish].

139


https://www.hst-journal.com/

https://www.hst-journal.com Icmopist Hayku | mexHiku, 2025, mom 15, sunyck 1
History of science and technology, 2025, vol. 15, issue 1

not available. Whatever the case may be, he impetuously recommended as suitable
those lubricants whose viscosity varied slightly before changes in temperature and
could constantly maintain the metals’ protective molecular films.*’

Two years later, in 1953 Manuel Serda Torello, the head of experiments and chief
mechanical engineer at CETA, linked to ENASA, produced an extensive dissertation
on lubricants that not only kept each and every mechanical engine component
lubricated, but also had to prove unalterable when exposed to harsh working conditions
inside the combustion chamber, such as high temperatures or the constant expulsion of
gases.*® Such effects were even more pronounced in diesel than in petrol systems where
the oil blackened much more rapidly, becoming a soiled gummy or muddy substance
—responsible of fatally seized engines— due to carbon particles in suspension coming
both from the road and from successive combustions that not even the impregnated
paper filters through which the fuel and oil passed were able to retain, as would be
carefully studied twenty-one years later by Domingo Cabarrocas Pruneda.*’

Based on the degree of unctuousness that Emilio Lluch had described as essential
to guarantee the existence of a lubricant-based protective molecular film, which had to
protect the contact between metal parts during mutual friction, Manuel Serdd Torello
went further and divided it into two subtypes: the degree of unctuousness of an oil that
allowed fluid lubrication, in the sense that two or more components rubbed against
each other but never quite touched thanks to the slippery liquid that lubricated them as
planned, and the degree of unctuousness of an oil that worked with boundary
lubrication, when the conditions in which it operated (temperature, pollution, etc.)
refined the protective layer between the components to the maximum and
intermittently suffered from dry friction, a risk scenario that could destroy the
machinery if aggravated. With a critical tone levelled at the scarcity of resources in
autarkic Spain, Serdd Torelldo rised in a kind of representative collective voice
attributed to the Spanish automotive engineers and concluded that the sad reality was
that there were many lubricants in the market but few of guaranteed quality, and regular
supply of the latter —essential for the national economy— was no longer reliable. For
petrol engines, the problem of oil supply was generally not serious, but he said that the
overall quality required by diesel engines caused several problems for users of good
will who wanted to use the required oil so the engine of their truck did not have to be
reviewed prematurely.*®

In 1966, three petroleum chemical engineers, Francisco Lopez de Miguel, of
Refineria de Petroleo de Escombreras, S. A.; José Luis Martinez Cordén, of Empresa
Nacional Calvo Sotelo, S. A.; and Aurelio Mompean, of Compariia Espariola de
Petroleos, S. A., analysed different types of lubricants, quantitatively and qualitatively

* Tbid., 85-90.
* Serda Torelld, M. (1953). Engrase y lubricantes. Revista de la STA, V (16), 66—76 [in Spanish].
7 Cabarrocas Pruneda, D. (1974). El circuito de combustible y su influencia en el desgaste del equipo de
inyeccion. Revista de la STA, XXVI (97), 49—-56 [in Spanish].
8 Serda Torelld, M. (1953). Engrase y lubricantes. Revista de la STA, V (16), 71-72 & 76 [in Spanish].
140


https://www.hst-journal.com/

https://www.hst-journal.com Icmopist Hayku | mexHiku, 2025, mom 15, sunyck 1
History of science and technology, 2025, vol. 15, issue 1

comparing and evaluating characteristics such as viscosity, viscosity index, freezing
point, inflammation, foaminess, colour, density, carbon residue, sulphate residue ash
and acidity index. These efforts prompted them to make a series of conclusions to
recommend the best oils for specific engine work situations to automotive
professionals on all levels and to automobile users in general.*’

They made three distinctions for petrol engines. If subjected to mild conditions, a
Regular-type, minerally pure and well refined oil without the need for additives was
perfectly valid. For moderate demands that caused heating of the crankcase, making
the oil so hot that it oxidised metal components, a Premium-type oil composed of
corrosion-inhibiting particles and detergent substances had to be used. Finally, if the
work required by the engine was severe, whether due to wear and tear from
compulsively stopping and starting it (the case for transporters, taxi drivers, etc.), or
due to overheating, they did agree that an oil with corrosion and wear inhibitors, as
well as detergents and dispersants to avoid the concentration of harmful agents, was
the most beneficial option.>°

The same distinctions were made for diesel engines, following the load index they
had to bear as a guideline. If it was low, there was no oxidation of heavy component
wear, so normal Heavy-Duty oil could be used. If it was moderate, the same diesel fuel,
with high sulphur content, could cause operational problems through deposits of
gummy or muddy particles in such a way that the lubricant should reverse it, making
the Heavy Duty oil Series 2 or Supplement the solution. Finally, if it was high, the
accumulation of unwanted gum and sludge could obviously reach worrying rates that
could only possibly be eradicated with Long Life oils with high detergency and could
even allow travel for many kilometres without having to be changed.’' These three
engineers’ final observations on diesel engine lubricant demonstrate a greater and
better supply of quality oils for this kind of machinery in 1966, a scenario completely
different from the lubricant supply shortage that Manuel Serda Torell6 had complained
about in 1953.

The last innovation in automotive lubricants made during the Francoist Spain is
highly specific: multigrade oils. Even though the team of petroleum chemical engineers
made up of Lopez de Miguel, Martinez Cordon and Mompean had mentioned their
recent emergence in 1966’s research, it was not until well into the 1970s that their use
spread as a sure thing. Given these circumstances, in 1974, one of the members of the
aforementioned group, Lépez de Miguel, argued that multigrade oils had nothing to do
with the conventional oils known until the 1960s thanks to containing dispersants,
detergents, oxidation inhibitors, anti-rust agents, anti-wear additives, viscosity index
enhancers, freezing point depressants and antifoaming agents that made them the safest

* Lopez de Miguel, F., Martinez Cordén, J. L., & Mompean, A. (1966). Caracteristicas de los lubricantes y
tipos de servicios en automocion. Revista de la STA, XVIII (72), 54—66 [in Spanish].
> Ibid., 56-57 & 61.
> bid., 58-61.
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option for all types of engines prone to problems, although such a wide composition
increased both production costs and sales price. Yet their main feature, in accordance
with their name, was the resilience to the work required in all kinds of situations
without suffering much effect or variations in temperature, making them an attractive
alternative for users who needed an engine that performed to the maximum in
suboptimal working conditions, such as adverse weather, high transport load, unrefined
fuel, successive stops and starts and so on. After conducting different chemical studies,
Lopez de Miguel concluded that this innovative lubricant product conferred the
following advantages: first, it started up cold engines more easily, which avoided a
high penalty for starting the engine and saved fuel; second, its constant fluidity greased
the ducts and components immediately in all kinds of temperatures as soon as the
engine was started; third, its optimal and continuous lubricating conditions prevented
premature wear of the mechanics, so the engine remained cleaner and emitted less
polluting gases while extending its useful life; and fourth, its virtually unalterable
viscosity in any adverse scenario was the great secret to protect all engine parts and
give automobile users peace of mind.>?

Discussion.

This exhaustive analysis of the 32 selected articles on imnovations in automobile
engines published by the Revista de la STA between 1949 and 1974 documents
automotive engineers’ collective imagination during technological change in Francoist
Spain and has uncovered satisfactory discoveries, problems, ill-fated attempts and
concerns of all kinds that turned out to be the only way to make technological progress,
based on the experimental method of trial and error. It reveals an impressive amount
of inventions along with the processes carried out to achieve them, but a separate issue
that deserves special assessment, given that the engineers almost never mentioned it
explicitly, is the hardship imposed by the historical, political, social and economic
contexts that professionals working in the automobile industry, and in any other field
of technology, had to overcome to achieve their goals.

Indeed, the period studied between 1949 and 1974 coincides with the Francoist
dictatorship, which never managed to make Spain one of the main world economies,
and was not well-regarded by most neighbouring powers for its anti-democratic
outlook, whether in its autarkic or developmentalist stage. Thus, and compared to most
of the Western world, Spain suffered a delay in achieving real technological
modernisation until developmentalism took hold in the 1960s. Franco’s regime never
was against innovation, but it had ushered in the previous autarky in 1939 as part of its
politico-economic approach. Responsible for the harsh scarcity of primary resources
available, the autarky stood in stark contrast to technical development in the country
and even made it harder.

> Lopez de Miguel, F. (1974). Los aceites multigrados y su utilizacion. Revista de la STA, XXVI (98), 30-56
[in Spanish].
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It must be taken into account that the Francoist dictatorship chose and committed
to a strategy of autarky between 1939 and 1959 both to: 1) isolate authoritarian Spain
from democratic countries all around, except for export business with other European
countries, some unavoidable imports and rapprochement with the United States in the
1950s due to Cold War geostrategic interests; and 2) as a repressive technique
especially aimed at harming all non-fascist dissidents that had sided with the
republicans during the Spanish Civil War (1936-1939), though in practice, fatal
autarkic consequences were suffered by everybody, supporters and non-supporters
(Richards, 1999, pp.22-23; Del Arco Blanco, 2006, pp. 241-243). As such, the
Spanish government’s authoritarian nature was not ideal for encouraging steady
technological development. In practice, however, the engineers’ constant tenacity in
creating innovations prevailed, and only this perseverance, verified by the evidence
provided in this article, made it possible to meet Francoist Spain’s automotive needs
from autarky to developmentalism.

As widely demonstrated, the Francoist dictatorship depended on the innovations
of so many Spanish engineers to put Spain on the path of modernisation, where it trailed
the rest of the Western world, which had got a head start after the end of World War I1.
Spain was running behind schedule, because despite the impetus for research since
1949, documented by the Revista de la STA, its structural conditions would not improve
until economic liberalisation after 1959. In any case, it is indisputable that automotive
professionals gathered under bodies like the STA played a crucial role by doing
everything they could get their hands on in good times and bad, seeking technological
survival during the depths of autarky and subsequently rolling out new inventions and
improving them to fill the roads with ever-more sophisticated automobiles within the
range of industrial possibility, thereby promoting the developmentalism trumpeted by
the dictatorship’s propaganda and discourse in their own way and making it abundantly
clear that the Francoist regime’s technocratic shift starting in 1957 would not have been
of much use without well-prepared automotive professionals fully able to transform
Spanish society through the vehicles they created and manufactured.

These technical professionals repeatedly had to overcome scarcities of resources
and technological shortcomings, more pronounced during the period of autarky than
during that of developmentalism, and it was even possible to grasp their efforts in
search of alternatives that could ingeniously solve the problems by themselves. With
the passage of time and benefitting from a gradually improving socio-economic
context, to which they had directly contributed with inventions that developed the
technological modernisation of Spain, these people would acquire even more
professional expertise and continue to make fresh progress for automotive companies,
with access to more and better-quality raw materials and industrial machinery.

All in all, it has been realised that the great bulk of the innovations collected in
Revista de la STA for the period between 1949 and 1974 came from a state-owned
company such as ENASA, the manufacturer of Pegaso vehicles, and its experimental
laboratory, CETA. There are two possible reasons for this. First, these companies were
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funded by the Francoist government through the INI, giving them an advantage in
disseminating their innovations compared to private companies. Second,
Wifredo P. Ricart, a founder and president of the STA, was also a respected director of
ENASA and CETA at the same time, so he naturally gave high visibility to his talented
discoveries and those of the rest of his team members first and foremost. What is odd,
however, is that the engines of private companies without links to the government did
not receive any kind of exposure in Revista de la STA and their important technological
contributions were deliberately not covered, such as —among many others— Eduardo
Barreiros’ pioneering transformations from petrol engines to diesel engines since the
early 1950s and his subsequent serial productions as part of his company Barreiros
Diésel, S. A. (Thomas, 2007, pp. 169, 344 & 366; Garcia Ruiz & Santos Redondo,
2003, pp. 73,75, 78, & 83). In all probability, exponents like this were silenced because
of the competition they posed towards the state-owned companies ENASA and CETA,
as we must never forget that they both, as well as the INI and Franco’s Ministry of
Industry, tried to hinder the development of private initiative led by Eduardo Barreiros
(see Figure 6) and Barreiros Diésel, S. A. as much as possible.

z\ L -

Figure 6. Eduardo Barreiros at his office (FEB, wo/d).

Conclusions.

This careful study of the scientific projects initiated and explained by automotive
engineers in their own words aims to address the gap in our knowledge revealed by
Darina Martykédnova (2021, p.310), namely the lack of historical-sociological
approaches to the professional association of engineers, due to the absence of any
academic trend or school interested in studying the professions in Spain. This effort
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has identified numerous technological steps forward in the design, construction and
improvement of all types of engines, while tracing the technological development of
Spanish automobiles over the timeframe of the study (1949-1974), thanks to its long-
term perspective and broad scope.

Thus, after briefly considering the importance and contributions of the STA to
Spanish automotive engineering, the research first explores work on diesel engines and
the establishment of a diesel culture, driven by the significant fuel savings they offered
for frequently used vehicles, particularly taxis, trucks and buses. It then examines
improvements to all the mechanical components involved in the internal combustion
process of diesel and petrol engines. Finally, it focuses on the lubrication of diesel and
petrol engines, through various experiments aimed at achieving optimal performance.

In this way, the article’s main objective —analysing the automobile’s role in
technological change during Francoist Spain— has been fulfilled by considering the
collective imagination of professionals in the automotive industry. This mental
framework, as stated throughout the research, did not remain static, but rather went
through two distinct phases during the dictatorship.

On the one side, in the 1950s automotive engineers combined their efforts on
innovations with a critical and occasionally dissenting stance against the rules of
economic autarky. However, this bold commitment was limited —presumably due to
the fear of expressing oneself freely under an authoritarian regime—, meaning that
they continued to face challenges in accessing the necessary resources and technologies
throughout the decade.

On the other side, the resilient minds of those automotive engineers shifted from
resignation to optimism in the 1960s and 1970s, as they saw their ideas, capabilities,
knowledge and expertise gain greater significance. It was largely due to improvements
in primary means and industrial machinery driven by the new developmentalist
economy, to which they had undoubtedly contributed through their unwavering
dedication to their professional mission: to achieve the best possible technological
progress for Spanish automobiles, regardless of economic conditions.

None of this would have been possible without the historical source
Revista de la STA, the journal published by the Sociedad de Técnicos de Automocion
(STA) in which automotive engineers used to disseminate their own technical research,
representing the companies they worked for. Moreover, the article highlights that
Revista de la STA had a clear preference for showcasing engineering advances made
by state-owned companies —particularly those carried out under ENASA
and CETA—, while leaving no space for engineers from private automotive firms.

Acronyms and Abbreviations.
ASTA: Archive of the Sociedad de Técnicos de Automocion.
BOE: Boletin Oficial del Estado.
No.: number.
Vol. / vols.: volume / volumes.
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Wo/b: without box.
Wo/d: without date.
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InnoBanii aBToMo0inbHMX ABUTYHIB B Icnanii yaciB pexnmy ®@paHko 4epes
Sociedad de Técnicos de Automocion (STA), 1949-1974

Anomauia. B Icnanii cnocmepicacmuvcsi Hecmaya ICMOPUKO-COYIONOSTYHUX
nioxodie 0o aHanizy npogeciuHux 06’€OHaHb IHIHCEHePI8 3a2aloM, a O0COOUBO
asmomoOinbHux iHdcenepis. lle noe’szano 3 6i0Cymuicmio akaoemiuHux wKii abo
Hanpsmis, 3ayikasieHux y eusuenui npogecit. Came momy memoro yiei cmammi €
00CNIOJHCEHHS MEXHON02IYHUX 3MIH I PO36UMKY ABMOMOOIIbHUX OBUSYHIB, WO
supobnsanuca 6 Icnanii 3a uacis pesxcumy @paunko, Ha OCHOBI IHHOBAYIU, CMBOPEHUX
Gaxisysmu icnancbkoi agmomoOiIbHOI NPOMUCTIOB0CMI, ONUCAHUX HUMU CAMUMU.
Hawe oocnioocenns cnupaemovca na meopemuuHry 0CHO8Y KyabmypHoi icmopii ma it
nioxo0i6 00 KOJEKMUBHOI VA6U, WO PO3YMIEMbCA AK MEHMAIbHA abo ceidoma
CMPYKMYpa, SIKY MONCHA OOCHIONCYBAMU HACMIIbKY, HACKITbKU 60HA NOOINAEMbCS
YIeHaAMU NeBHOI II0OCLKOI CNIIbHOMU U CMOCYEMbCSL IXHbOI I0eHMUYHOCE — Y HAUOM)
8UNAOKY, ICHAHCLKUX ABMOMOOIIbHUX iHdceHepis. QOpana MemoOoo102isi Noaieace 8
aHanizi icmopudHoi Haykoeoi npecu. po3enad 32 cmameli, HANUCAHUX IH*CEHepaMU OJisl
aorcypHany Revista de la STA i onybnikosanux Sociedad de Técnicos de Automocion y
19491974 pokax, 0036015€ 3a3upHymu y KOJIeKmueHy ya8y yux gaxieyie. ¥ ceoix
nYONIKaAyisgx 60OHU ONUCYIOMb GIACHI GUHAXOOU MA Npoyecu, wjo 00 HUX Npu3eeil,
BUCBIMIIOIOYUY 5K YCRIWHI 8IOKpUmms, max i npobiemu, He80ali cnpobu ma pisHi
3aHenoKo€HHA. Y poku ghpankicmcovKroi asmapkii a6momoOibHI iHHCeHepU CIUKATUCS
3 8EIUKUMU MPYOHOWAMU — (DIHAHCOBUMU OOMENCEHHAMU Ma OPAKom pecypcieé — y
npoyeci peanizayii ceoix innosayit. Hamomicms y nepioo po36umky, wjo Hacmas nicJis
eKOHOMIYHO020 cmaobinizayitinoco naany 1959 poky ma e6i03nHauascs Kpawumu
COYIanbHO-eKOHOMIYHUMU YMOBAMU, BOHU 3MO2IU nepeimu 00 eKCnepumenmis 3 Oinbuu
CKNAOHUMU MeXHOoNo2iAMU. VY maKkuil cnocib OisIbHICMb A8MOMOOLIbHUX [HIICEHEDI8
3pobuna cymmeeull 8HeCOK 8 eKOHOMIuHe 3pocmanmus Icnanii 3a uacie @PpaHko,
oonomaearoyu nooonamu 31uoni 1940-1950-x poxie i 3abe3neuumu nepexio 00
cnoacusaybkozo cycninocmea 1960—1970-x. 3pewumoro, cmamms pobums 6UCHOBOK,
wo srcypuan Revista de la STA, suxopucmanuii y 00cniodxcenti Sk icmopuune 0xcepeio,
O0EeMOHCMPYE  SIBHY  NPUXUNbHICMb 00  IHHOBAYIU, CMBOPEHUX  IHJCeHepamiu,
NO8 A3AHUMU 3 0EPHCABHUMU ABMOMOOITbHUMU KOMNAHIAMU, HEXMYIOUU NPU YbOMY
PO3pOOKaMu 3 RPUBAMHO20 CEKMOPA.

Kniwouosi cnoea: asmomoobinw, indcenepis, mexnonocii; iHHoO8ayii, (panKizm,
ICNAHCHKI THOCEeHepu
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the political, administrative and military center of the entire region. This was primarily
due to Tashkent's trade and economic superiority over other cities, and secondly, the
city's location in the central part of the country and its strategic importance. Although
the industrial sectors were poorly developed, work began on the construction of power
plants to illuminate the city streets and operate small manufacturing enterprises. The
main focus was on Russian and foreign capital, and the initial projects were not
implemented due to the bureaucratic system. Although the number of power plants
operating in Tashkent increased somewhat in 1914—1917, they were used only for
lighting buildings and streets of social importance, not for industrial purposes. By
1914, the Russian Empire ranked 8th in the world in terms of electricity production,
with 14 kWh of electricity per capita in the central parts of the empire, while in
Tashkent this figure was only 1 kWh per capita, indicating that the metropolis's
attention and fundamental interests were directed to other things, rather than the
development of the city's socio-economic sectors. Although the participation of the
Russian Empire in the First World War gave impetus to the increase in production in
the food, textile, and military industries, there were no noticeable changes in the energy
sector. In particular, although attention was somewhat increased in Tashkent in 1914—
1918 to the construction of power plants, financial difficulties for investors and the
complex political changes of the time negatively affected the number of people at the
helm of this work, which led to the postponement of planned work. Economically,
Tashkent and its surroundings, as an industrial-agrarian region, have the potential to
introduce various infrastructure systems, have vast natural raw material reserves, and
have all the conditions for the construction of hydroelectric power stations, but these
natural opportunities have not been fully utilized.

Keywords: Tashkent, electrification, electrical power station; contract; lamp;
tram

Introduction.

In the 21st century, the constant increase in demand for mineral resources for the
purpose of energy production is the reason for the strengthening of geopolitical
rivalries. It is explained by the study of the slowness of electricity production in
industry and other sectors in the end of the XIX century — the first quarter of the
XX century and its negative impact on the development of the socio-economic and
cultural life of the people of the country. At a time when world economic relations
chose new directions of development and began fundamental changes on this basis, the
conflict situation in colonial Turkestan did not allow for timely assimilation of
technical innovations and implementation of large-scale measures of their introduction
into industry. This can be observed in the colonial administration’s old-fashioned way
of turning the country into its own raw material reserves, with a primary focus on the
agrarian issue and neglecting the development of industrial sectors. The process of
electrification of the Turkestan region also experienced the same complex historical
reality, and as a remote country, initially during the colonial period, and later under the
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Soviet rule, it lagged far behind the indicators of electricity consumption in the central
regions. Such disparity and other important issues of the field require a new approach
to the problem, understanding of their roots and historical scientific evaluation.

In a number of works that examined the issue of electrification in the regions and
large cities of the Russian Empire, it was noted that the electrification of Tashkent at
that time was at a low level than other parts of the empire (Simonov, 2016; Simonov,
2017). In works devoted to the history of the region and its industry during the colonial
period, it is noted that the electrification of Tashkent, which was the political and
administrative center of the Turkestan Governorate, was carried out last of all other
cities in the empire (Musaev, 2008; Abdullayev, Rakhimov, & Rajabov, 2019). A
number of other scientific studies devoted to the socio-economic history of Turkestan
in the late 19th and first quarter of the 20th centuries have analyzed in detail the low
level of the Tashkent city’s industry and technical condition, and the main attention of
the colonial administration was paid to raw materials from agriculture (Shadmanova,
2011). Some researches revealed that the number and technical equipment of industrial
enterprises in the Russian Empire lagged behind European countries and the USA,
which also had the bad an impact on the economic situation of Tashkent that period
(Khaydarov, 2018; Makhmudova, 2018).

Colonial nature of the economic policy of the Russian Empire in Turkestan’s
cities during the First World War, noting that the colonial administration, by placing
various artificial obstacles to the development of manufacturing industry in Tashkent,
tried with all its might to develop cotton growing in the country (Tukhtabekov, 2015).

It was only during the implementation of the GOELRO plan that the
electrification process in the socio-economic and cultural life of Tashkent accelerated,
and the Turkestan Commission created for this purpose had a separate financial fund
(Timurov, 2015; Yeryasheva, 2018). Some works considered the establishment of the
first higher educational institution in Tashkent —Turkestan People’s University and its
Technical faculty and the training of technical personnel there, as well as the sending
of local youth to study abroad and improve their skills there (Kholboev, 2003;
Turdiev, 2006; Irzaev, 2018).

On the eve of the World War I, the Dumas of the cities located in the Russian
Empire were unable to function as a democratic organization representing the interests
of the people (Soloviova, Hurinchuk, Berdnychenko, & Strelko, 2020). This situation
is also characteristic of the Tashkent city Duma, the Duma members, whose
management system consists of tsarist officials, retired generals and officers, worked
for their own interests and did not think about the affairs of the city. Even “Izvestia”,
the printed edition by the Duma, reproached the persons sitting in the Duma apparatus,
saying that “they often did not work with zeal, but served” (Izvestiya Tashkentskoy
gorodskoy Dumi, 1916, p. 476). Such persons without initiative and responsibility in
the Duma sat for the specified term of office, signed the included papers, received the
visitors, and after leaving the power, they forgot about the concerns of the city.
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At the moment, revitalization of beautification works in the city, development of
lighting systems was an urgent issue. Due to this, in April 1914, projects of a
hydroelectric power station and a water pipeline were considered under the Tashkent
city administration. At the meeting, professors A. . Astrov and V. D. Sokolov
(Technical college), V. V.Dmitriev (Petersburg Electrotechnical Institute),
A. K. Yensh (Riga Polytechnic Institute), technical managers of the Moscow water
supply organization and local engineers and doctors from Tashkent participated. It was
unanimously decided that Bozsuv canal of Salor brook was chosen for the construction
of the hydroelectric station and water supply facilities (Turkestanskiy kuryer, 1914).

The planned power plant should to be used mainly by lighting and water supply
consumers, and the “Belgian society” did not envisage electricity supply for trams.
This would not ensure the full use of the hydro-station, and since the owners of Salor
canal’s arable land have priced the land at a high price, their purchase would have
automatically increased the cost of the hydro-station and the water pipeline.

All these combined forced the city administration to temporarily stop the
implementation of this project before the beginning of the World War 1. But the
activities of the Belgian “Tashkent tram” company in providing electricity to the whole
city were so huge that the only way for the city administration to fight against it was to
build its own power station, only in this way it could have a monopoly on the city’s
electric lighting.

If Pavlov’s station was purchased by the Belgian company “Tashkent Tram” by
the city administration, it would expand in the future and complicate the
implementation of the project of construction of the power station intended by the city.
Therefore, the head of the city N. G. Mallitsky while in Petersburg in March 1914,
persuaded the Russian Minister of Defense not to allow the “Tashkent tram” society to
start electric lighting works. Although this will cause great damage to the city, the
community has won this right (Turkestanskiye vedomosti, 1917). However, in the
“law” announced on April 22, 1914 with the signature of the Minister of Trade and
Industry, amendments were made to the charter of the Belgian “Tashkent Tram”
company, and it was allowed to start electric lighting works. As a result, the city
authorities of Tashkent lost the right to own the city enterprises with the “Tashkent
tram” company.

Speaking at the City Duma on October 19, 1917, N. G. Mallitsky stated the
following: “In Russia, a number of Belgian joint-stock companies with millions of
capital are operating in the field of starting electric (tram, electric lighting) enterprises.
They are using Belgian diplomatic representatives to protect their interests. Also,
special representatives are kept in St. Petersburg to carry out their projects from the
central offices. ...Foreign companies prefer to complete their work through central
agencies, denying Russian society the rights of self-governing agencies”
(Turkestanskiye vedomosti, 1917).
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Research methodology.

In the process of studying this problem, special attention was paid to the
comparative historical method, which allows identifying and comparing the levels in
the development of the process being studied, the changes that have occurred, and
determining development trends. With the help of the comparative historical method,
which identifies the general and the specific in historical phenomena by comparison,
knowledge of the various historical stages of development of the same phenomenon or
two different coexisting phenomena is achieved.

And also used the statistical method, which allowed tracing the quantitative
parameters of the historical process of researching of that period.

Results and Discussion.

It should be noted that before and during the World War I and even after, the
majority of the local population mainly lit their homes with candles, and there were
shops selling candles in the bazaars. In below by Figure 1 we can see such little local
shop in Tashkent, which were distributed in many small towns and large cities of all
Turkestan (NACFPh Uz (National Archive of Cinema, Foto-phono of Uzbekistan.
No. 0-93844).

Figure 1. Candles shop in Tashkent local bazaar (NACFPh Uz (National Archive of
Cinema, Foto-phono of Uzbekistan. No. 0-93844).
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From June 1914, preparations for the construction of the thermal power station
were started in central city of Turkestan — in Tashkent. It was intended as a backup for
the future hydroelectric station. On July 20, 1914, two 350 horsepower (hp) diesels
were ordered for the Kolomensk plant, for which a deposit of 10,000 rubles was
transferred (Turkestanskiye vedomosti, 1914).

Ilinsk Square (around Oloy Bazar) was chosen for the thermal power plant. The
beginning of World War 1, financial difficulties slowed down the pace of construction
of the temporary station.

The official request of the city administration to the Minister of Finance Uvarov
to open an account with a pledge of 1,650,000 rubles in the state bank was not satisfied.
The Russian Imperial Ministry of Finance considers it “not very necessary” to build a
power plant in the city (NAUz (National Archive of Uzbekistan). F. I-1. D. 1.
C. 1890. S. 13).

In this way, the city’s attempts to build a temporary power station, then a
hydroelectric power station, and finally a thermal power station, deprived it of the
capital provided by the imperial treasury. Later, the head of the city said that after 5
years, the hydroelectric power station can be built and put into operation, and until
then, the temporary power station will bring a profit of 22,000 rubles (NAUz (National
Archive of Uzbekistan). F. I-1. D. 3. C. 1670. S. 19).

Due to the need for electricity, the city administration was forced to negotiate with
the community to strengthen the former station of Pavlov. On December 18, 1914, an
additional agreement was signed between the city and the society, according to which
the society was allowed to transfer excess electricity to Pavlov's station under the
following conditions:

1. The city grants the society the right to transfer the necessary amount of
electricity to Pavlov’s station according to the specified plan to drive the 60 hp electric
motor dynamo machines at the central tram station.

2. The society undertakes to pay the city 3 kopecks for each kWh of energy
transmitted to the city for the right to use the electric energy transmitted from the tram
station, as well as the city streets, narrow streets and squares based on this contract
(NAUz (National Archive of Uzbekistan). F. 1-44. D. 1. S. 283).

The newspaper “Turkestanskie vedomosti” dated December 19, 1914 published
the news that the city administration had signed an additional contract with the
“Tashkent Tram” company, and informed that the needs of all consumers who have
not yet been supplied with electricity will be met in the near future3.

In the fall of 1915, the number of electricity consumers increased dramatically,
and the work of V. P.Pavlov’s station exceeded the established norm. The city
administration received dozens of applications from state organizations and individuals
asking for permission to supply electricity.

According to the situation, City Duma (between the city) with V. P. Pavlov to
amend the charter concluded in 1911 and decided to provide the right to strengthen
V. P. Pavlov’s former station with one more motor with a capacity of 150 hp. Until the
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installation of this engine, the society temporarily received electricity from the central
tram station to V. P. Pavlov’s station received a sufficient amount of transmission with
the help of a 75 hp (NAUz (National Archive of Uzbekistan). F. 1-44. D. 1. C. 122.
S. 1).

After install of the motor-generator in V. P. Pavlov’s power plant, the 140 hp
engine broke down soon and could not be repaired due to lack of spare parts. In this
way, many consumers were left without lamps, The society was allowed to add one
unit to the tram station to run the lighting system of the V. P. Pavlov power station
(NAUz (National Archive of Uzbekistan). F. [-44. D. 1. C. 251. S. 71). Despite the fact
that there was a clear direction to build a diesel power station with a hydroelectric
power station, this project was also not implemented.

The Belgians gradually began to acquire new projects for the electrification of the
city in return for various promises. During this period, the city’s plan to build its own
hydroelectric power station faced a number of insurmountable obstacles. The design
power of the hydroelectric station was designed for 3,000 hp. Thus, the technical side
of the problem was quickly solved. But it was somewhat difficult to solve
organizational issues from the point of view of the current legislation. Because water
had to be used primarily for agricultural purposes, then for shipbuilding, and thirdly
for the purposes of “water movement” (Saidboboeva, 2021, p. 88).

In addition, the problems of cotton ginning factories, which worked only four
months in the winter season at that time, as energy consumers, were also added. This
did not take into account the usual consumers (hydraulic mills, mills, rice mills, etc.),
whose devices and equipment were simple and simple, and it was difficult to predict
that they would switch to electric motors.

During this period, electricity was mainly used for lighting purposes, and its role
in the use of power tools was very small. For example, in 1914, the share of electricity
in breweries with a total capacity of 214 hp was 80 hp or 38%, and cotton gins only
16%.

Despite the weak industrial development, there were 50 different industries in the
region. The most important of them is the processing of agricultural products, the total
volume of industrial production was 13,388,6778 rubles (1913), the number of workers
employed in it was 20,925, the total number of enterprises was 702, and the number of
engines in it was 507 (Aleksandrova-Zaorskaya, 1964, p. 210).

In 1914, while there were 223 cotton ginning factories in Turkestan, the number
of power stations was only 36. Correspondingly, 96,177,163 rubles of cotton ginning
factories, and only 242,435 rubles of power stations, in terms of production in the
country’s industries.

The technical backwardness of the country has led to the low level of
electrification. Only in 1914, the total capacity of all power stations in Tashkent was
3,000 kW, producing 3.5 million kWh of electricity per year. In the years 1910-1917,
several central power stations in the country operated only in the city of Tashkent.
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Their total power was 5 thousand hp or 3.7 thousand kW, which was only 1.85% of the
total power in Petrograd.

Tashkent’s 1916 electricity performance can be seen in below (Table 1; Table 2)
comparing it with the capital of the empire — Petrograd (Kaminsky, 1931, p. 56):

Table 1. Electrical power stations in Petrograd (1916).

Name of the electrical Power, Type of direct In volts
power stations (thousand current
kW) (Voltage)

1886 year’s society 40,2 3 phases 2000 and 6000
Gelios 12,8 1 phases 3000

“Belgian society” 12,1 1 phases 2000
Tram No data Direct current 600

(DC)

In addition to the above stations in Petrograd, there were also many stations for
general use, called block stations, which served individual consumers.

Table 2. Electrical power stations in Tashkent (1916).

Name of the electrical Power, Type of direct In volts
power stations (thousand | current (Voltage)
kW)
Pavlov 0,125 direct current (DC) 2x220
Davidov 0,231 direct current (DC) 2x220
Tram 1,450 direct current (DC) 600
Shamsutdinov 0,045 direct current (DC) 2%220

About 70 electricians, 55 shift diesel workers, and 94 black workers performing
various jobs worked in Turkestan power stations. During this period, 168 of the 702
main enterprises were equipped with electric lighting using their own independent
generators. Despite the insufficient production of electricity and such a low level of
electrification, there have been significant changes in the country’s industry.

The Russian Empire, which was mute to foreign capital, had to import electric
lamps from foreign countries in addition to machinery and technical equipment.

The situation in the metal manufacturing industry was similar. For every 15
mechanical engines in the industry: 13 internal combustion engines with 170 hp, one
locomotive with 24 hp and 1 water engine (water blade) with 12 hp. Only one of the
metalworking enterprises had a 5 hp electric motor. During the colonial period,
electricity was mainly used for lighting purposes, and only 15-20% of it was used as a
driving force (Saidboboev, Musaev, & Saidboboeva, 2020, p. 453).

The state of electrification of communal economy was also very low. Even in big
cities such as Tashkent, Samarqand, Kokand, Fergana, Andijan, only 2-3 streets are lit
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with electricity, the rest of the streets are partially lit with gas, and the rest are
completely unlit. In three or four cities, the houses of some big officials were also lit
by electricity. Although small power plants began to operate in the industrial
enterprises of Turkestan at the end of the XIX century, by the first decades of the XX
century, with the growth of the industry and the emergence of power plants for general
use, energy was formed as an independent industry in the industry.

The number of workers working in the existing power plants in Turkestan was
also not that large. According to the statistics published in 19135, a total of 151 workers
were employed in the industry during this period. For comparison, if we take into
account that 7626 workers worked in the country’s cotton ginning industry in the same
period the above figure seems to be quite low(NAUZz (National Archive of Uzbekistan).
F.I-1. D. 2. C. 432. S. 78).

The growth of the industrial and transportation sectors during World War I
stimulated the increase in the number of workers in the country. In 1914, there were
about 50,000 workers in the main industrial regions of the country, and during the war,
the working class in Turkestan increased by 15-20,000 people and reached
approximately 70,000 people (NAUz (National Archive of Uzbekistan). F. 1-278. D. 2.
C. 716. S. 35).

The increase in the number of workers initiated qualitative changes in the national
economy of Turkestan, and created the basis for the emergence of new industrial
sectors, including energy, along with the general growth of enterprises.

In 1916, the imperial authorities developed plans to exploit the water reserves for
economic purposes, but despite the large hydropower wealth in Turkestan, most of the
stations were oil-fired. Oil for these stations is mainly brought from Baku, which was
expensive for the country. However, especially during this period, the Volga River was
the main factor in the transport system and trade exchange, economically connecting
the districts of the empire with its tributaries. It transported fish from the Caspian Sea,
cotton from Turkestan and a large amount of factory products from other regions.
Every year, 30 million tons of such cargoes are transported along the river and its
tributaries (Simonov, 2016, p. 143).

The steady increase in demand for electricity in the country forced the
administration to look for new sources of energy. According to the decision of the
General Artillery Department of the Military Council on November 5, 1916, in the
telegram sent to the military governor of Fergana region on November 10, it is said
that Count de Monge and Davidov, an engineer-hydraulic engineer of the Department
of Land Affairs and State Property of the Turkestan region, were assigned the task of
studying the waterfall in Isfayramsoi in the Maidan and Uchkurgan districts of the
Skobelev district of the region (NAUz (National Archive of Uzbekistan). F. I-
276.D. 1. C. 936. S. 164).

In order to ensure the implementation of the decision, the local administration will
provide the researchers with: 1) previous projects for the construction of a hydroelectric
station in Isfayramsoy (1914) and all information about the river in general,;
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2) providing the necessary means of transportation from the city of Skobelev to Maidan
at current prices; 3) assigned the task of providing all-round assistance for hiring and
other needs of workers.

On the basis of the above letter, on November 21, 1916, the military governor of
Fergana region sent an open order to the officials of the Russian and local
administrations in the region to unconditionally fulfill these tasks (NAUz (National
Archive of Uzbekistan). F. [-276. D. 1. C. 936. S. 165).

In 1917, one of the two city central power stations in Tashkent was the
Shamsutdinov power station, and the other was N.K. Romanov’s renovated power
station (NAUz (National Archive of Uzbekistan). F. I-1. D. 1. C. 291. S. 1).

All the power plants in the country of Turkestan are mainly concentrated in
industrial and cultural centers, 32 of them, i.e. about 16% of the country’s power plants,
were located in the city of Tashkent. They were considered the largest power plants of
their time and distinguished by the large number of workers. Among the 22 power
stations under the industrial enterprises of the city, Tram power station employs 18
people (NAUz (National Archive of Uzbekistan). F. [-44. D. 1. C. 237. S. 17) and 10
people work at the power stations under the Central Asian Railway Workshops.

There is no information about the workers at the Yusuf Davidov’s electr station.

The remaining 19 small electrical devices were serviced by 1-2 people mainly for
lighting purposes. Thus, 60-65 workers were employed at the power stations of the
industrial enterprises. In terms of numbers, the second place was occupied by workers
working at 10 power stations serving the city’s communal economy. The biggest of
them 1s V.P. Pavlov’s power station is considered, and out of 9 people working in them,
5 were employees and 4 were workers working at the central station. Monthly wages
for employees: 300 rubles for an engineer, 100 rubles for an accountant, 100 rubles for
2 office workers, 25 rubles for a document carrier; for workers: 120 rubles for a
machinist, 100 rubles for a machinist’s assistant, 35 rubles for an electrician, 45 rubles
for a plumber (NAUz (National Archive of Uzbekistan). F. [-44. D. 1. C. 244. S. 11).

The same amount of salary is typical for small power stations, according to the
reports of Max Visokinsky, who leased the Khiva cinema and the Knyaz Romanov
power station, where 3 workers (electromechanic Ozolin with a monthly salary of 120
rubles, and two assistants with a salary of 40 rubles) (NAUz (National Archive of
Uzbekistan). F. 1-40. D. 1. C. 172. S. 20).

The average annual wages of power plant workers were 3,7 times that of cotton
gin workers and 2 times that of machine shop workers in 1913, compared to the average
annual wages of workers in other industries.

Due to the shortage of electricity, working conditions in the country’s industrial
enterprises were very difficult. The working day lasted 14 hours, and in most
enterprises the workers worked 18 hours, and they were paid very little. In 1913-1914,
the average annual salary of one worker was around 180 rubles (Ziyodullayev, 1964,

p. 13).
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Moreover, in 1917, the number of enterprises operating in Turkestan decreased
by 75% compared to before the war. Industrial production was reduced by 80%
Desyatchikov, 1949, p. 18). Although the workers of the power plants had better
conditions in many respects (salary, working conditions) than the workers of other
enterprises, they had a feeling of dissatisfaction with the government and politics.

In particular, the initiators of many strikes that took place in Turkestan at the end
of 1916—February 1917 were Russian and local railway workers and workers at the
Tashkent tram depot, among whom there were many women. The Turkestan district
security department worriedly said, “The mood of the workers is not calm. Failure to
meet the urgent needs of railway workshop workers may cause continuous strikes and
may be a signal for strikes in other enterprises as well” (Kastelskaya, 1980, p. 94).

Later, in the armed uprising of workers and peasants on October 28, 1917, the
workers of power stations also participated.

There are a small number of small manufacturing enterprises in the country, and
they did not fully carry out their activities for several reasons, first of all, because the
state did not support them, because Turkestan was considered as an additional raw
material part of the empire. Also, if we take into account that the number and technical
equipment of industrial enterprises in the Russian Empire lags behind European
countries and the United States, this also did not affect the situation in its colony
(Saidboboyev, 2015, p. 30).

Most of the equipment of industrial enterprises was old equipment imported from
metropolitan enterprises.

Foreign economists saw industrialization not as a method of ending the inequality
of nations, but as a method of strengthening their backwardness and weakness. They
argue that this concept was preserved and even developed in Turkestan in the period
before World War [, which was inherited from the colonial tsarist system. According
to them, the industrialization policy strengthened Uzbekistan’s status as a source of
raw materials for Russian industry (Saidboboyev, 2010, p. 99).

The fact that the country’s weak factory industry, including the industry that only
pre-processes agricultural products, primarily cotton, does not contribute to the
creation of the necessary conditions for the development of the electrification sector,
and the administrative and management system of the region, which serves the interests
of the metropolis, has not thought of ways out of this stagnation and did not develop
quickly.

On the eve of the First War I, the “Belgian society” ordered 80 cars from the
“Rateno” factory (Belgium) to start the electric tram line. Each carriage has 40 seats
and 2 freight carriages are also included. The tram park is located on Mariinsky (now
Nukus) street. Trams were supplied with electricity by a newly built diesel station.

The power plant was equipped with five 430-liter diesel engines, each with a
permanent one-shaft electric generator, with a total power of 290 kW and a pressure of
600 volts. The total capacity of the power station was 1450 kW per day. Although the
contract stated that the 600-volt power plant was not intended to supply electricity to
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the city, its switchgear circuit was designed so that it could operate at 220 volts under
any circumstances and meet lighting needs.

Low production of electric energy has had a negative impact on the increase of
tram routes, population transportation, and income generation. For example, at the eve
of World War I, when the population of Tashkent was 250,000 people, the total length
of the electric tramway was only 18,3 km. However, in many other cities of the empire
with a small population (not including Petrograd, Moscow), the length of electric tram
routes was several times longer than in Tashkent, as can be seen in the following
Figure 2 (NAUz (National Archive of Uzbekistan). F. I-37. D. 1. C. 413. S. 45) and in
below Table 3 which are based on the data of National Archive of Uzbekistan (NAUz
(National Archive of Uzbekistan). F. [-37. D. 1. C. 476. S. 11):

500
350
300
250
140 155 160
822 100
18,3 21,1 27 43 54,1' :

Tashkent Rostov Kazan  Riga Saratov Kyiv  Odessa
on Don '
® Length of the route (km) ™ Population (thousand)
Figure 2. Length of tram routes and population in Tashkent and other cities of the
Russian Empire (Eve of World War I) (NAUz. F. I-37. D. 1. C. 413. S. 45).

Table 3. Electric tram revenue calculation in Tashkent and other cities.

City Length | Population | Gross profit | Profit from | Transportation
(km) | (thousand) | (thousand 1 person one person (in
rubles) year)
Tashkent | 18.3 250 550 2.2 44
Riga 43 300 1830 6.1 122
Kyiv 82.2 350 3330 9.5 190
Saratov | 54.1 160 925 5.8 116
Odessa 100 500 2700 54 108
Kazan 27 155 556 3.6 72
Rostov on | 21.7 140 1070 7.6 152
Don

In the article published in the issue of “Turkistan viloyatining gazeti” on May 29,
1914, the advantage of the tram was mentioned, “13—14 years ago, if we wanted to go
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to the train station or the Sunday market, we would have to walk for two hours with
our country’s fast-moving cart, and our feet (feet) we were torn to pieces, our hearts
were turned upside down, and our souls were coming to our throats. Praise be to you,
we got rid of such consequences and began to enjoy the wonderful science of the 20th
century”. Author expressed satisfaction and at the same time, the article urges the
residents to use the tram in an orderly manner: “... if you are blind with a blind eye,
squint your eyes. This proverb was left over from earlier. When our neighbors told us
to take a step to the right side, become righteous, and follow the path of education, we
turned the letter upside down, we don'’t know where our feet are, and we don’t
remember our past situation, we keep walking in the cave of ignorance, and all this is
a loss to us. Because of our chaos, the government has appointed mirshab and guards
to protect the city” (Mirmuhsin, 1914).

Another article talks about the success of electrical engineering, and there is great
hope that the telegraph will become popular in European countries and enter Turkestan
as well: “In Europe, science is progressing and developing day by day, and many crafts
are emerging that are useful to various people. One of the inventions of European
science and culture is the wireless telegraph. Although this day has just been released,
these days mankind has developed and progressed to a surprising extent. On a new
occasion, with this wireless telegraph, standing at two stations with a distance of 12,500
miles, two people talked that this distance, that is, the distance between the two stations,
is one-third of the circumference of the earth” (Turkiston viloyatining gazeti, 1916).

In 1914, other tram routes were also electrified. In particular, the Pushkin route
was opened from the Church of St. Sergius to the Salor bridge, the Moscow route was
opened from the Knyazhesky fortress to the Beshyogoch gate, and at the beginning of
1915 to Chorsu, and on December 13, 1915, the fifth electrified tram route was opened
from Kokaldosh to the Takhtapul gate through Eski Jova.

By 1916, the “Tashkent Tram” society, which saw the gratitude of the population,
started using 50 motorized, 25 cargo and 2 service wagons in Tashkent. In the same
year, the company took the leading place in the field in terms of the amount of energy
supplied to consumers by power plants of Tashkent city (1450 thousand kW).

At the same time, it 1s worth noting that with the active participation of the public
and city authorities, the Belgian “Tashkent Tram” company’s desire to deprive the city
of its ownership of the lighting systems caused a number of difficulties for the
community. The society’s efforts to provide direct current (DC) energy to the tram
lines were condemned, and the city administration was on the verge of becoming a
monopoly customer in this field.

From September 10, 1918, the tram service stopped due to the lack of fuel at the
city diesel station and the failure of many cars. This was due to the change of the
political situation in the country and the departure of experts from Belgium to their
homeland as a result of the establishment of Soviet power. Soon after, on December
10, 1918, the “Tashkent Tram” was nationalized by the Central Executive Committee
of Turkestan, and only by 1920, irregular tram traffic was restored in the city.
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Figure 3. Workers of Tashkent nationalization tram (NACFPh Uz (National Archive
of Cinema, Foto-phono of Uzbekistan. No. 0-93973).

‘l

In this way, although the process of electrification of the transport system in the
country has been opened, the lack of a clear plan and measures for its rapid
development, financial difficulties and laxity in the issue of personnel shortage have
hindered the slowdown of work in the field and its competitiveness.

However the coming of the electric power industry in Turkestan required the
training of highly qualified electrical engineers, electrical fitters and management
personnel for the system. The geographical location of the region far from the central
parts of the country, the fact that the Soviet regime did not yet have strong governing
bodies in the country, the civil war, and economic difficulties all delayed the most
necessary work in this direction.

In 1918, the work of establishing a leading educational institution for the training
of highly educated personnel in engineering and technical specialty was started in
Turkestan. For example, on March 16, 1918, the Council of People’s Commissars
adopted a decision to open a People’s University in Turkestan, which stipulated that
all expenses for the establishment of the People’s University will be made at the
expense of the trade turnover of nationalized cotton, oil and coal.

On April 11, 1918, the first meeting of the technical faculty of the Turkestan
People’s University was held, and “in this way, classes began on May 9 at the natural
mathematics and technical faculties of the Turkestan People's University, which
accepted Russians or Russian-speakers” (Kholboev, 2003, p. 70). It is interesting that
no documents are required for admission, only the desire was enough.
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In this way, the number of students admitted to the higher courses (faculties) of
the People’s University reached 1200 and 186 of them started studying at the technical
faculty.

According to the archive data, there were 632 people who expressed their desire
to study at the faculty. In fact, the number of regular participants in the lectures was
very small and decreased sharply at the end of the semester. This is due to the lack of
technical equipment, scientific and auxiliary rooms (scientific office, library,
laboratories), and the fact that the existing buildings are not suitable for conducting
university classes (NAUz (National Archive of Uzbekistan). F. R-34. D. 1. C. 107.
S. 555).

Studying at the technical faculty will be four years instead of the usual five years,
and it is planned to open sub-departments such as textiles and chemistry later. On
May 9, 1918, according to the information about students at the technical faculty of the
People's University, the number of electricians was 14 (NAUz (National Archive of
Uzbekistan). F. R-368. D. 8. C. 1. S. 6).

Dean of the technical faculty A. Bykovn on June 17, 1918, wrote to the
administration of Turkestan People’s University, asking for an advance of 5,740 rubles
to reward faculty employees and lecturers, and at the letter by June 18, 1918, informed
in connection with the closing of the “General Electric Company” store, equipment
costs for the purchase of equipment for the electrical laboratory at low prices were
included in the faculty budget and according to the preliminary estimate, it was stated
that the Council of the Faculty of Engineering approved the purchase of equipment in
the amount of 11,000 rubles presented by the Board of Electromotive Courses, and a
total of 22 types of equipment were requested (NAUz (National Archive of
Uzbekistan). F. R-368. D. 8. C. 1. S. 33-34).

On June 18, 1918, the cost of the electrician course was 4,800 rubles. The project
was reviewed and approved by the Technical Faculty Council. The courses were
successfully conducted, and 50—-70 regular listeners participated in them every day 2.
Those who completed this course were tested by a separate commission, and only those
who successfully passed received a certificate of completion of electrical installation
courses (NAUz (National Archive of Uzbekistan). F. R-368. D. 8. C. 1. S. 3).

After listening to the information of the rector of the university A. V. Popov about
the transformation of the technical faculty under the People’s University into a form of
higher education, the technical faculty of the collegium will remain within the People’s
University and in a short period of time, various courses will be combined into one
whole — the People’s Technical College, and it will be transferred from the university
to the administrative training of the technical faculty and made a decision to transfer to
the hands of persons of the organization who are not employed in the institution (NAUz
(National Archive of Uzbekistan). F. R-34. D. 1. C. 38. S. 74).

According to the information of the commission for quality control of the students
of technical faculty of the university, the origin of the students was also from different
social classes (NAUz (National Archive of Uzbekistan). F. R-368. D. 8. C. 81. S. 10).
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Table 4. Social classes of students of technical faculty of Turkestan People’s
University in Tashkent.

Level Specialties’ Servants’, | Intelligents’ | Unemployments’ | Craftsmans’
and doctors’ children children children
governances’ | and layers’
children children
1- course 8 18 1 1 1
2- course 4 7 - - -
3- course 2 5 - 2 -
4-course - - - - 1
Total 14 30 1 3 2
Conclusions.

The practical use of electric energy in the beginning of the 20th century, while the
developing capitalist production demanded the creation of new energy bases, industrial
production in Turkestan was in its infancy, and the colonial policy of the empire
prevented the development of productive forces, the necessary conditions for the wider
operation of the industry. was not available.

A lot of the proposals and projects for the construction of power stations in
Tashkent were not implemented as a result of the neglect of the colonial administration
in the country and the bureaucratic system. In many cases, disagreements over energy
prices, difficulties in bringing technical equipment, lack of qualified personnel and the
low level of the country’s industrial sectors caused investors to abandon their plans.
Although the number of power stations operating in the country increased somewhat
on the eve of World War I and in during the war they were mostly used for the purpose
of lighting buildings and streets of social importance, not industry.

The transport system in the country, first of all, the electrification of tram
networks, was far behind the central districts of the empire, and the lack of financial
resources for its development, changes in the political management system, and the
world and civil war had a negative impact on the development of the sector.
Nevertheless, Tashkent had the country’s first electrified transport network, a status it
maintained for decades to come.

The possibilities of the first higher education institution established in Tashkent
during the studied period were limited, more Russians than local youths were educated
in the field of electrical engineering. Due to the low monthly salaries of electrical
engineers and workers, the lack of jobs, and unsatisfactory working conditions, many
of them, who did not believe in the prospects of the network, made a living by hiring
other jobs.
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3okip:xkon Cain0o6oeB
Hamionaneuuii yHiBepcuteT ¥Y30ekucrany iMmeHi Mip3o Yiayroeka, Y30ekucran

I'yas3opa Cain6odoesa
Harmionaneuuit yHiBepcuteT ¥Y30ekucrany iMmeHi Mip3o Yiayroeka, Y30ekucran

O0ixkon /:xkaiinapoB
UnpuuKChbKUi Iep:KaBHUM MEIaroriyHuil yHIBEPCUTET, Y 30€KuCTaH

Tyakinaxon XoJisipoB
Tepmi3bKuil Aep>KaBHHUM YHIBEPCUTET 1HXKEHEPI Ta arpoTEXHOJOT1H, Y30eKnucTan

Hlapogar I:xusndexoBa
CamapkanacbKkuii Aep:kaBHuil yHiBepcuteT iMeHi [llapoda Pammgosa, Y36ekucran
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Icropis exexkrpugikanii Tamkenta y 1914-1918 pokax

Anomauia. Ilicnsa xonowizayii peciony Typxecman Pociticokolo imnepiclo 6
opyeiti nonosuti 19 cmonimms, yapcwki énracmi oopanu micmo Tawikenm noaimudHuM,
AOMIHICMPAmMueHUM Ma GIliICbKOBUM YEHMPOM ycbo2o peciony. Lle 6yno ob6ymoeneno
nepeoycim mop2o80-eKOHOMIYHOI nepesazolo TawkeHma HAO THWUMU Micmamu, d
MAKONC U020 POZMAULYBAHHAM Y YEHMPANbHIU YACMUHI KpAiHU ma Cmpame2idHum
3HauenHAM. Xoua npoMucnosi cekmopu 0yau ciadoo po3euHymi, po3nouaiucs pooomu
3i CIMBOPEeHHs eleKmpPOCMAanyil OJisl OCBIMAEHHS MICbKUX 8YIUYb MA 00CNY208YBAHHS.
manux eupoonuyux nionpuemcms. OcHogHy yeazcy 0y10 NpuoileHo poCiliCbKOMY mda
IHO3eMHOMY Kanimany, ajle HNoYamKo8i Npoekmu He OVIU peanizoeaHi uepes
oropokpamuuHy cucmemy. Xoua KinvKicme enekmpocmanyi y Tawkenmi spocia deujo
6 nepioo 1914—1917 pokie, 80HU BUKOPUCMOBYBANUCS Jule Ol OCBIMIeHHS 0Y0iseb
ma 8yiuyb COYiaIbHO20 3HAYEHHS, a He 011 npomuciosux yineu. /o 1914 poxy
Pociiicvka imnepis 3avimana 8-e micye y ceimi 3a 00cs2om 6UpoOOHUYMBA eeKMPUYHOT
enepeii, 3 14 kBm-200 enekmpuxu Ha OyuLy HaceieHHs 6 YeHMpAaIbHUX pationax iMnepii,
6 moti uac sk y Tawxenmi yeul nokasHuk cknaoas auute 1 kBm-200 na oyuty nacenemnms,
Wo ceiouums npo me, wjo y8aca i OCHOBHI iHmepecu Memponoii 0yiu CNPAMOBAHI HA
IHWI peyi, a He Ha PO3BUMOK COYIATbHO-EeKOHOMIYHUX ceKmopie micma. Xoya yuacmo
Pociiicokoi imnepii 6 [lepwiii c8imosiil Gilini cnpusiia 30i1bUeHHI0 8UPOOHUYMBA 8
Xapuositi, MeKCMUIbHIL Ma BIUCLKOBIU HNPOMUCIOBOCMI, NOMIMHUX 3MIH 8
eHepeemu4HOMY ceKmopi He 6i0bynocs. 3okpema, xoua 6 Tawwenwmi y 1914—1918
pokax Oewjo 30invuunacs ysaza 00 0YOIBHUYMBA eleKmpocmanyill, HIHAHCOBI
mpyoHowi 051 IHBECMOpi6 ma CKIAOHI NOJIMUYHI 3MIHU MO20 4YACy He2amueHO
BNIUHYIU HA KLIbKiCMb 0cib, wo Oyau Ha 4oii yux pooim, wo npu3zeeio 00
8I0MePMIHYBAHHS 3aNIaH08aHUX pobim. Exonomiuno Tawkenm ma tio2co okoauyi, sK
NPOMUCTOB0-ACPAPHULL  PE2iOH, Malu nomenyian Ol  GNPOBAONCEHHS  DI3HUX
IHGOpacmpyKmypHux cucmem, Mau 8euUKi NPUPOOHI pecypcu CUpo8UHY ma 6Ci yMOo8U
o 6yoieHUYymMea 2iopoeiekmpoCmanyit, aie yi NPUPOOHi MONCIUBOCMI He OYau
BUKOPUCMAHI 8 NOBHOMY 00CA3L.

Knrwuosi cnosa: Tawkenm,; enekmpudgpixayis, enekmpocmanyis, KOHMPAaKm,
aamna,; mpameati
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The rise of digital threats: A historical perspective on computer viruses and
cybersecurity

Abstract. The rapid evolution of computer viruses has intensified the need for
advanced detection mechanisms. This study examines the historical progression of
malware and explores the role of machine learning in enhancing cybersecurity
defenses. By analyzing major incidents, such as the Morris Worm, ILOVEYOU virus,
and WannaCry ransomware, this research highlights patterns in malware development
and the increasing sophistication of cyber threats. Findings reveal that traditional
signature-based detection methods struggle to keep pace with evolving malware,
necessitating a shift toward machine learning-based approaches. Techniques such as
anomaly detection, behavioral analysis, and deep learning models have proven
effective in identifying previously unseen threats. This study underscores how machine
learning enhances real-time threat detection by recognizing subtle patterns and
adapting to new attack strategies. Furthermore, the results highlight the challenges of
adversarial attacks, where malware is designed to evade detection by manipulating
input data. The study emphasizes the need for robust machine learning frameworks
capable of resisting such threats. Additionally, integrating Al-driven models with
traditional security measures has been shown to improve detection accuracy and
response time. By leveraging historical insights and emerging technologies, this
research advocates for a proactive approach to cybersecurity. The findings reinforce
the importance of continuous advancements in machine learning-driven threat
detection to counter increasingly sophisticated cyberattacks.
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Introduction.

The ever-growing reliance on technology has brought profound changes to
modern society but also introduced vulnerabilities that pose significant risks. Computer
viruses, once mere experimental tools for programmers, have evolved into
sophisticated threats capable of disrupting critical systems, stealing sensitive
information, and inflicting financial losses on a global scale (Benmalek, 2024;
Sarkar & Shukla, 2023). The pressing issue lies in understanding the historical
trajectory of these digital threats to anticipate and mitigate future challenges
effectively. This study aims to trace the evolution of computer viruses and their
corresponding cybersecurity measures, providing a comprehensive historical
perspective that highlights key milestones and lessons learned.

To achieve this, the study adopts a qualitative approach, examining historical data
and documented events to explore the motivations, mechanisms, and impacts of
notable computer viruses. By employing a historical analysis framework, the study
constructs a detailed timeline of these threats while assessing the development of
defense strategies over time. Data sources include academic publications, news
archives, and case studies that document pivotal incidents such as the Morris Worm,
ILOVEYOU virus, and WannaCry ransomware. Through this method, the study
unveils patterns that have shaped the cybersecurity landscape (Parn, Ghadiminia,
Garcia De Soto, & Oti-Sarpong, 2024; Sanmorino & Kesuma, 2024). This study
contributes to the field by offering a systematic understanding of how past experiences
with computer viruses inform current and future cybersecurity practices. By analyzing
the motivations behind these threats and the responses they elicited, the study not only
highlights the importance of historical context but also provides actionable insights for
enhancing digital defenses in an increasingly interconnected world.

The emergence of computer viruses dates back to the early days of computing,
with initial examples serving as proof-of-concept experiments rather than malicious
tools. For instance, the Creeper virus (1971) demonstrated self-replicating code,
inspiring the creation of antivirus software (Ahmad, Bakar, Jan, & Yussof, 2024). Early
viruses such as Brain (1986) and the Morris Worm (1988) revealed the potential for
widespread disruption, signaling the need for proactive cybersecurity measures.
Researchers have extensively documented these incidents, highlighting how the
simplicity of early systems allowed relatively straightforward threats to gain global
attention.

As the digital landscape evolved, so did the sophistication of viruses and their
associated risks. The late 1990s and early 2000s witnessed the rise of viruses exploiting
social engineering tactics, such as Melissa (1999) and ILOVEYOU (2000). These
attacks demonstrated how human behavior could amplify a virus's reach and impact,
leading to significant financial and operational disruptions (Dong, Wang, & Liao,

173


https://www.hst-journal.com/

https://www.hst-journal.com Icmopist Hayku | mexHiku, 2025, mom 15, sunyck 1
History of science and technology, 2025, vol. 15, issue 1

2016; Gulyas & Kiss, 2023). Scholars in cybersecurity have emphasized the pivotal
role of email systems and user awareness in preventing such attacks, underlining the
necessity of education alongside technological defenses.

Modern threats, exemplified by Stuxnet (2010) and WannaCry (2017), represent
a paradigm shift in the use and purpose of malware (Allegretta, Siracusano, Gonzalez,
Gramaglia, & Caballero, 2025; Rose, Kabban, Graham, Henry, & Rondeau, 2025).
These cases highlight the increasing use of viruses as tools for geopolitical and
economic manipulation. Researchers have noted the growing complexity of malware,
which now targets industrial systems, exploits zero-day vulnerabilities, and uses
advanced evasion techniques. These developments underscore the critical need for
collaboration between governments, industries, and researchers to build robust,
adaptive cybersecurity frameworks capable of addressing these multifaceted
challenges.

Literatur Review.

Existing Systematizations of Computer Viruses and Cybersecurity
Evolution: The historical documentation of computer viruses and their corresponding
defense mechanisms has been a subject of extensive study within cybersecurity
research. Scholars have chronicled major cyber threats over the decades, identifying
recurring patterns and technological adaptations (Benmalek, 2024; Sarkar & Shukla,
2023). Early studies primarily focused on cataloging prominent viruses, beginning with
the self-replicating Creeper virus of 1971, which paved the way for modern malware
analysis (Ahmad, Bakar, Jan, & Yussof, 2024). This foundational work established the
basis for understanding how malicious programs exploit system vulnerabilities and
human behavior to propagate.

As the field matured, researchers broadened their analyses, shifting from virus
categorization to an examination of their societal and economic impact. Studies from
the late 1990s and early 2000s explored the role of email-borne threats such as Melissa
(1999) and ILOVEYOU (2000), demonstrating how social engineering techniques
could amplify cyberattacks' reach (Dong, Wang, & Liao, 2016; Gulyas & Kiss, 2023).
More recently, investigations into advanced persistent threats (APTs) and state-
sponsored cyber warfare, particularly concerning cases like Stuxnet (2010) and
WannaCry (2017), have underscored the evolving nature of malware from disruptive
nuisances to sophisticated geopolitical tools (Allegretta, Siracusano, Gonzalez,
Gramaglia, & Caballero, 2025; Rose, Kabban, Graham, Henry, & Rondeau, 2025).

Gaps in Current Knowledge: Despite the extensive documentation of computer
viruses, certain key gaps remain in the literature. First, while numerous studies have
established virus timelines, there is a lack of in-depth analysis connecting historical
malware evolution with present-day cybersecurity strategies. Existing research often
treats virus development as a linear progression, overlooking the cyclical nature of
cyber threats wherein past attack methods resurface in novel forms. This study
addresses this gap by tracing historical patterns to better anticipate future cyber threats.
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Another significant limitation in current research is the fragmented approach to
studying cybersecurity responses. While technical advancements such as antivirus
software, intrusion detection systems, and encryption protocols are well-documented,
fewer studies comprehensively assess how organizations and governments have
adapted to evolving threats over time. The role of global cooperation, regulatory
frameworks, and public cybersecurity awareness remains underexplored, despite their
increasing relevance in mitigating large-scale cyberattacks (Sanmorino &
Kesuma, 2024).

Moreover, existing literature often underestimates the human factor in
cybersecurity. While there is recognition of social engineering tactics in malware
spread, the psychological and behavioral aspects of cyber hygiene—why users
continue to fall victim to phishing emails or fail to update vulnerable systems—have
not been sufficiently integrated into malware evolution studies. By incorporating an
interdisciplinary perspective that includes human behavior, this study aims to bridge
this research gap and offer a more holistic understanding of cybersecurity defense
strategies.

Positioning This Work Within the Field: This study builds upon existing
research by offering a historically grounded yet forward-looking analysis of computer
viruses and cybersecurity. Unlike conventional studies that focus on either malware
taxonomy or isolated case studies, this work synthesizes historical data with an analysis
of cybersecurity measures to identify long-term patterns and vulnerabilities. By
employing a historical analysis framework, this research contextualizes past
cybersecurity failures and successes, offering insights that can inform contemporary
digital defense strategies. Additionally, this study contributes to the growing discourse
on adaptive cybersecurity, advocating for a shift from reactive measures to predictive
defense mechanisms. Drawing on past incidents such as the Morris Worm (1988) and
WannaCry (2017), this work illustrates how cybersecurity strategies must evolve to
counter emerging threats proactively rather than retroactively (Pdrn, Ghadiminia,
Garcia De Soto, & Oti-Sarpong, 2024; Karki, Hasan, & Sanin, 2024). By integrating
technical analyses with behavioral insights, this study reinforces the argument that
effective cybersecurity must be a blend of technology, policy, and user education.

In an era where cyber threats are increasingly sophisticated and interconnected,
understanding historical cyberattacks is more than an academic exercise—it is a
necessity for shaping future defense mechanisms. This study, therefore, serves as a
critical bridge between past experiences and future cybersecurity innovations, offering
a strategic perspective that policymakers, security professionals, and researchers can
leverage to mitigate emerging digital threats.

Research Methods.

To explore The Rise of Digital Threats: A Historical Perspective on Computer
Viruses and Cybersecurity, this study adopts a qualitative approach, drawing on
historical data and documented events that have shaped the evolution of computer

175


https://www.hst-journal.com/

https://www.hst-journal.com Icmopist Hayku | mexHiku, 2025, mom 15, sunyck 1
History of science and technology, 2025, vol. 15, issue 1

viruses and the corresponding cybersecurity measures. By analyzing past threats and
responses, the study aims to provide valuable insights into the trajectory of digital
security and the lessons learned along the way.

Approach: This research follows a historical analysis methodology, mapping the
timeline of major computer viruses and the strategies developed to counter them. The
study examines key malware incidents to understand their impact, motivations, and the
countermeasures implemented. This method enables a comprehensive exploration of
how cyber threats evolved and how security strategies adapted in response.

Selection Criteria for Viruses: The selection of viruses for this study is based
on three key criteria:

Historical Significance — The virus must have played a pivotal role in shaping
cybersecurity practices or technological advancements. For example, the Morris
Worm (1988) led to the creation of CERTSs, influencing global cybersecurity
response frameworks.

Impact and Reach — The virus must have caused widespread disruption,
financial losses, or institutional response. Notable examples include the
ILOVEYOU virus (2000) and WannaCry ransomware (2017), which had
significant global consequences.

Diversity in Attack Mechanisms — The study includes different types of
malware (e.g., boot sector viruses, worms, ransomware) to illustrate the broad
evolution of cyber threats and their adaptation to technological advancements.

Justification for Periodization: To provide a structured historical analysis, the
study organizes the evolution of computer viruses into key periods:

Pre-Internet Era (1971-1985) — Viruses primarily existed in isolated
environments, spreading through floppy disks and standalone systems.

Early Internet Age (1986-1999) — The rise of networked computers introduced
faster-spreading threats, such as email-based macro viruses like Melissa (1999).
The Age of Sophisticated Cyber Threats (2000-2010) — Malware evolved with
more destructive capabilities, including the politically charged Stuxnet (2010),
demonstrating the potential for cyber warfare.

Modern Cybersecurity Challenges (2011-Present) — The emergence of
ransomware, Al-powered attacks, and state-sponsored cyber threats,
exemplified by WannaCry (2017) and advanced persistent threats (APTs).

This periodization provides a logical framework to understand how cybersecurity
evolved alongside technological progress and digital connectivity.

Data Collection: The study relies on secondary data from multiple authoritative
sources:

Books and Academic Papers — Historical accounts and technical analyses of
malware.

News Archives and Reports — Documentation of significant cyber incidents,
such as the [ILOVEYOU and Stuxnet cases.
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Technology Websites and Blogs — Insights from cybersecurity experts and
organizations like Symantec, Kaspersky, and government agencies (Cartwright,
Cartwright, & Edun, 2023; Cascavilla, Tamburri, & Van Den Heuvel, 2021).
Official Cybersecurity Reports — Publications from agencies like CERT,
NIST, and industry white papers.

Analytical Framework: The collected data will be analyzed through a structured
framework that includes:

Chronological Mapping — Organizing events into a structured timeline to
highlight key developments in cyber threats and defenses.

Thematic Analysis — Identifying recurring themes such as motivations behind
cyberattacks (e.g., financial gain, activism, espionage) and their impact on
cybersecurity policies.

Comparative Analysis — Examining early and modern viruses to identify
evolving attack patterns, prevention mechanisms, and industry responses (Chng,
Lu, Kumar, & Yau, 2022; Irshad & Siddiqui, 2024).

Impact Assessment — Evaluating the broader consequences of major cyber
incidents on regulatory policies, technological advancements, and public
awareness.

Scope and Limitations: This study focuses on widely reported viruses and
cybersecurity advancements, acknowledging that proprietary or unpublished data may
introduce some limitations. Additionally, the study does not conduct primary
investigations into malware but relies on credible secondary sources.

Expected Outcomes: This research aims to provide a historical overview of cyber
threats, illustrating their impact on digital security practices. By tracing the evolution
of computer viruses, the study sheds light on the ongoing cybersecurity challenges and
the importance of adaptive security measures in the digital age.

Results and Discussion.

The Timeline of Major Computer Viruses.

The journey of computer viruses is a fascinating tale of creativity, chaos, and
adaptation. From their humble beginnings as experiments in self-replicating code to
becoming tools of global disruption (Kale, Bostanci, & Celebi, 2024), computer viruses
have evolved alongside the technology they target. Each significant virus in history
tells a story—not just of technical ingenuity, but also of the changing motivations
behind their creation, from pranks and protests to espionage and financial gain.

This timeline explores the key milestones in the evolution of computer viruses,
shedding light on how these digital threats operated, the impact they had, and the
lessons they taught us about cybersecurity (Fig 1). Through this historical lens, we can
better understand the ongoing battle between malicious software and the defenses we
build to protect ourselves in an increasingly connected world.
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Creeper Virus (First

Virus) ILOVEYOU Virus

Morris (Internet WannaCry
Worm) Ransomware

Melissa (eMail
Virus)

Brain (MS-DOS Stuxnet (advanced
Virus) cyber weapon)

Figure 1. The timeline of major computer viruses (Authors' source).

Creeper Virus (1971): The Creeper virus was the first of its kind, designed not
to harm but to demonstrate the concept of a self-replicating program. It worked by
hopping between DEC PDP-10 computers running the TENEX operating system. Once
it infected a system, it displayed a playful message:

“I’m the Creeper, catch me if you can!”

Instead of causing damage, Creeper replicated itself to other systems, leaving the
previous one unharmed. This experiment inspired the creation of the first antivirus,
called Reaper, which tracked and removed Creeper.

Brain (1986): Brain was the first MS-DOS virus, created by two brothers in
Pakistan to protect their medical software from piracy. It spread by replacing the boot
sector of floppy disks with its code, displaying a message with the creators' names and
contact details. While Brain wasn’t intentionally destructive, it slowed down infected
systems and caused confusion, as users were unaware their disks had been altered. Its
rapid spread via floppy disks demonstrated the potential of malware to affect systems
globally.

Morris Worm (1988): The Morris Worm was the first major internet worm,
designed by a computer scientist. It worked by exploiting vulnerabilities in Unix
systems, including weak passwords and unpatched software. Once inside a system, the
worm replicated itself and spread to other connected systems. Though not intended to
cause harm, the worm’s replication rate overwhelmed systems, slowing them down or
crashing them. This incident highlighted the need for cybersecurity protocols and led
to the establishment of the Computer Emergency Response Team (CERT).
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Melissa Virus (1999): Melissa was a cleverly designed email virus. It arrived as
an email attachment, often titled something enticing like "Important Message." Once
opened, it unleashed a macro within a Word document that automatically sent the email
to the first 50 contacts in the recipient’s address book. Melissa’s rapid spread disrupted
email servers worldwide, forcing many companies to temporarily shut down their
systems. It highlighted the dangers of malicious macros embedded in everyday
documents.

ILOVEYOU Virus (2000): The ILOVEYOU virus took social engineering to the
next level. It disguised itself as a love letter in an email, with the subject line
"ILOVEYOU" and an attachment named “LOVE-LETTER-FOR-YOU.TXT.vbs.”
Users who opened the attachment activated a Visual Basic script that overwrote files,
stole passwords, and spread itself to all email contacts. [ILOVEYOU’s combination of
psychological manipulation and technical damage caused chaos, impacting millions of
systems and resulting in billions of dollars in damages. It exposed the risks of opening
suspicious attachments and the need for email security training.

Stuxnet (2010): Stuxnet was an advanced cyber weapon, designed to target
industrial control systems. Unlike traditional viruses, Stuxnet infiltrated systems
through USB drives and exploited multiple zero-day vulnerabilities. Once inside, it
reprogrammed industrial equipment to malfunction, specifically sabotaging
centrifuges used in uranium enrichment. Stuxnet’s precision and stealth were
revolutionary. It operated silently, causing physical damage without alerting users, and
marked the dawn of malware being used as a tool for geopolitical objectives.

WannaCry Ransomware (2017): WannaCry was a ransomware attack that
spread across the globe in hours. It used an exploit in unpatched versions of Microsoft
Windows to gain access to systems, encrypting files and locking users out. Victims
were shown a ransom note demanding payment to restore their data. The ransomware’s
rapid spread crippled hospitals, businesses, and public institutions, with damages
exceeding $4 billion. WannaCry underscored the importance of timely software
updates and the dangers of leaving systems vulnerable.

Table 1 provides a snapshot of some of the most notable computer viruses and
malware in history, showcasing their diversity in type, the environments they targeted,
and the impact they left behind. From the playful yet groundbreaking Creeper virus in
1971 to the devastating WannaCry ransomware attack in 2017, each entry reflects a
turning point in the ever-evolving world of cybersecurity. These viruses not only
caused financial losses and operational disruptions but also pushed the boundaries of
innovation—on both sides of the cyber battlefield.

The evolution of computer viruses, as reflected in the table, highlights how their
complexity and impact have grown over the decades. Early examples, such as the
Creeper virus in 1971, were experimental and harmless, serving as a technical
demonstration rather than a malicious threat. However, by the mid-1980s, viruses like
Brain began exploiting vulnerabilities in floppy disks, marking the start of viruses
spreading globally.
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Table 1. The Most Notable Computer Viruses in History

Virus Name | Type First Environment | Impact or Loss
Reported
/Outbreak
Creeper Experimental Virus | 1971 Mainframe First proof-of-concept
Computers virus; no financial loss.
Brain Boot Sector Virus 1986 PCs (Floppy Slowed PCs; raised
Disks) awareness of global virus
spread.
Morris Internet Worm 1988 Unix Systems | Caused system slowdowns
Worm (Alanazi, and crashes; $10M in
Mahmood, & losses.
Chowdhury, 2023)
Melissa Macro Virus 1999 PCs (Email Overloaded email servers;
(Rashid, Shafique, Systems) $80M in damages globally.
Akram, & Elagan,
2024)
ILOVEYOU | Worm/Script Virus | 2000 PCs (Email Overwrote files and spread
(Seshagiri, Systems) rapidly; $10B in losses.
Vazhayil, &
Sriram, 2016)
Stuxnet Industrial Malware | 2010 SCADA/ Damaged Iran’s nuclear
(Kumar, Industrial facilities; geopolitical
Govindaraj, impact.
Erturk,
Nisar, & Inc,
2023)
WannaCry | Ransomware 2017 PCs (Global Crippled healthcare and
(Evans & Networks) businesses; $4B in
Purdy, 2023) damages.
Mydoom Email Worm 2004 PCs (Email Slowest internet speeds
Systems) ever; $38B in economic
losses.
Zeus Trojan Malware 2007 Web (Banking | Stole financial data; billions
(Kumar, Shersingh, Sites) in stolen funds.
Kumar, & Verma,
2024; Singh,
Krishnan, Vazirani,
Ravi, &
Alsuhibany, 2024)
Petya/ Ransomware 2016/2017 | PCs Disrupted
NotPetya (Corporate shipping/logistics; $10B in
(Gaber, Systems) losses globally.
Ahmed, &
Janicke,
2025)
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The Morris Worm in 1988 was a wake-up call for internet security, as it disrupted
Unix systems and caused significant financial losses, showing the potential for
widespread harm when networks were targeted. These early incidents underscored the
need for more robust cybersecurity measures and led to the establishment of
frameworks like CERT to mitigate future threats (Karki, Hasan, & Sanin, 2024; Kaur,
Gabrijelci¢, & Klobucar, 2023).

As technology advanced, so did the intent and scope of malicious programs.
Viruses such as Melissa and ILOVEYOU in the late 1990s and early 2000s used email
systems to propagate, demonstrating how social engineering could amplify their reach
and damage. By the 2010s, the stakes were even higher with threats like Stuxnet and
WannaCry. Stuxnet showcased malware's ability to physically disrupt critical
infrastructure, highlighting its geopolitical implications, while WannaCry exploited
network vulnerabilities on a global scale, causing billions in damages. These examples
reveal a clear trend: viruses have moved from being curiosities to sophisticated tools
capable of devastating financial, social, and political systems. This progression
emphasizes the critical need for continuous innovation in cybersecurity to counteract
ever-evolving threats.

Figure 2 shows the difference between the old virus mechanism and the modern
virus mechanism in a flowchart.
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Figure 2. The virus mechanism (Authors' source).
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The Figure 2 shows the evolution of computer viruses, contrasting the
mechanisms of older viruses with those of modern malware. In the early days, viruses
relied on simple distribution methods such as floppy disks. These viruses targeted
standalone PCs and were often limited in their impact, causing minor disruptions like
slowing down systems or corrupting files. Their functionality was straightforward,
reflecting the limited connectivity and less sophisticated systems of that era. These
early threats primarily served as proofs of concept or exploratory creations rather than
tools for significant harm.

In contrast, modern viruses are far more complex and impactful. They exploit
vulnerabilities in interconnected networks, often delivered through phishing attacks or
malicious links. Modern malware targets critical infrastructure, including industrial
systems and IoT devices, with devastating consequences (Ajay, Nagaraj, Arun Kumar,
Suthana, & Ruth Keziah, 2024; Behera, Sahoo, Mishra, & Bhuyan, 2024). Advanced
forms such as ransomware and data-theft tools aim for maximum financial or
operational disruption, frequently affecting businesses and governments on a global
scale. This shift demonstrates how the landscape of cybersecurity has transformed,
requiring ever-more advanced defenses to combat these sophisticated threats.

The Virus Mechanisms.

The mechanisms of computer viruses have evolved significantly over time,
moving from relatively simple self-replicating scripts to sophisticated cyberweapons
capable of large-scale disruption. Understanding these mechanisms in detail—along
with their quantitative impact—provides critical insights into their functionality,
propagation, and mitigation strategies.

Infection Vectors and Propagation Methods: Viruses and malware spread
through multiple mechanisms, each exploiting specific vulnerabilities within a system:

Boot Sector Infection — Early viruses like Brain (1986) replaced the boot sector
of floppy disks, altering system initialization. By embedding malicious code
within the boot sector, these viruses ensured execution before the operating
system loaded. Studies indicate that boot sector viruses affected 5-10% of
computers in the late 1980s, particularly in environments with frequent floppy
disk exchanges.

Email-Based Transmission — Macro viruses like Melissa (1999) and
ILOVEYOU (2000) utilized email attachments, exploiting the widespread use
of Microsoft Word macros and Visual Basic scripts. Melissa alone infected an
estimated 1 million computers within hours, causing over $80 million in
damages. The ILOVEYOU virus escalated this technique, reaching 45 million
machines worldwide and leading to an estimated $10 billion in financial losses.
Network Worms and Exploits — The Morris Worm (1988) was among the first
to exploit networking vulnerabilities, leveraging weak passwords and Unix
sendmail flaws. Modern worms, such as WannaCry (2017), use remote code
execution (RCE) exploits like EternalBlue (CVE-2017-0144) to infect
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unpatched systems. WannaCry spread to over 200,000 computers in 150
countries within a day, causing $4 billion in damages.

Industrial Control System (ICS) Exploits — Stuxnet (2010) demonstrated the
ability of malware to target programmable logic controllers (PLCs) in SCADA
systems. The efficiency of Stuxnet’s attack underscores how malware can
manipulate cyber-physical systems to induce mechanical failures.

Payload Execution and Damage Mechanisms: Once inside a system, viruses
deploy payloads with varied effects, categorized as follows:

System Overload and Denial-of-Service (DoS) — The Morris Worm’s self-
replication mechanism caused excessive CPU and memory usage, slowing
systems and rendering them unusable. Modern botnets like Mirai (2016)
leverage similar principles, weaponizing IoT devices to execute large-scale DoS
attacks exceeding 1 Tbps in traffic volume.

Data Destruction and Manipulation — ILOVEYOU overwrote critical system
files and personal documents. In contemporary attacks, ransomware like
NotPetya (2017) encrypts entire disk volumes, utilizing AES-128 and RSA-2048
encryption schemes to make data recovery impossible without a decryption key.
Credential Theft and Espionage — Banking trojans such as Zeus (2007) use
keylogging and form-grabbing techniques to steal user credentials. Zeus infected
an estimated 3.6 million computers in the U.S., resulting in billions of dollars in
stolen financial assets. Similarly, APT (Advanced Persistent Threat) malware
like Pegasus (2016) exploits zero-day vulnerabilities in mobile devices to
conduct state-sponsored surveillance.

Evolution of Defense Mechanisms: As malware sophistication increases,
cybersecurity defenses must adapt. The following measures are critical in combating
modern threats:

Behavioral-Based Detection Systems — Unlike signature-based antivirus
programs, modern endpoint protection platforms (EPPs) use machine learning
to identify anomalies. Research suggests that Al-driven malware detection
achieves over 97% accuracy in distinguishing between benign and malicious
files.

Zero Trust Architecture (ZTA) — Implementing ZTA minimizes unauthorized
lateral movement within a network. This approach was instrumental in
mitigating the spread of ransomware during the 2021 Colonial Pipeline attack,
where network segmentation helped contain damage.

Regular Patch Management — Over 60% of ransomware infections exploit
known vulnerabilities that remain unpatched. Organizations must enforce
automated patching policies to reduce exposure to threats like WannaCry and
EternalBlue.

Multifactor Authentication (MFA) and Least Privilege Access — MFA
reduces the risk of credential theft, while least privilege policies limit an
attacker’s ability to escalate privileges within a compromised system.
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Advanced Threat Intelligence and Incident Response — Real-time threat
intelligence sharing through platforms like MITRE ATT&CK enhances
proactive defense strategies, enabling organizations to anticipate and neutralize
emerging threats.

The Motivations.

The motivations behind creating and spreading computer viruses have evolved
significantly over time, reflecting changes in technology, societal dynamics, and
individual intent. In the early days, many viruses were created out of curiosity or as
experiments. As technology advanced and computers became integral to businesses
and daily life, the motivations shifted to include financial gain, political activism, and
even warfare. Some of the motivations behind viruses are as follows:

Pranks and Mischief: Early viruses were often created for fun or to showcase
programming skills. The creators aimed to surprise or amuse others without causing
severe damage. The Morris Worm (1988) caused disruptions but was more of an
experiment than a malicious act.

Financial Gain: Many modern viruses are created to extort money or steal
financial information, targeting businesses or individuals for profit. Ransomware like
WannaCry (2017) demanded payments to unlock encrypted files.

Ideological Activism: Hacktivists use viruses to promote political agendas, raise
awareness, or protest against organizations or governments. The Anonymous group
and politically driven attacks on corporate or governmental networks.

Espionage: Viruses are often used by state-sponsored actors to steal sensitive
data, conduct surveillance, or gain competitive advantages. Advanced Persistent
Threats (APTs) like those targeting government and corporate secrets.

Sabotage: Malicious software may aim to disrupt critical infrastructure or
operations, often for geopolitical or competitive reasons. Stuxnet (2010) was used to
sabotage Iran’s nuclear facilities.

Revenge: Individuals with grievances against organizations or people may use
viruses to damage reputations or operations. Insider attacks involving malware planted
by disgruntled employees.

Ego and Notoriety: Some hackers create viruses to gain recognition, prove their
technical prowess, or demonstrate vulnerabilities in systems. Early creators like those
of the Brain virus (1986) included their names in the code.

Research and Experimentation: Some viruses are created as experiments to
understand vulnerabilities and develop stronger cybersecurity defenses. White-hat
hackers and researchers sometimes release controlled viruses to test systems.

Accidental Creation: Occasionally, viruses are the unintended result of
experiments or poorly designed programs that inadvertently cause harm. Early
experimental viruses like Creeper (1971) were not designed to harm but ended up
spreading.

184


https://www.hst-journal.com/

https://www.hst-journal.com Icmopist Hayku | mexHiku, 2025, mom 15, sunyck 1
History of science and technology, 2025, vol. 15, issue 1

Chaos and Destruction: Some creators are motivated purely by a desire to cause
widespread disruption without any clear financial or ideological goal.

After learning about the various motivations behind computer viruses, the next
step 1s to explain how to prevent, detect, and mitigate viruses. As the motivations and
mechanisms of computer viruses have evolved, so too must our strategies for
preventing, detecting, and mitigating them. While some timeless principles remain, the
differences between old viruses and modern malware require us to adapt and refine our
approaches.

Prevention.

Preventing old viruses was often simpler, as their spread relied on physical media
like floppy disks or basic file transfers. The solution was straightforward: avoid using
unverified disks, install basic antivirus software, and keep systems updated to close
vulnerabilities. These practices were usually enough to thwart most early threats.
Modern viruses, however, are far more cunning, often leveraging phishing emails,
malicious links, and zero-day exploits. Preventing these requires advanced measures,
such as deploying robust email filters, implementing strict patch management to close
software loopholes, and educating users about recognizing social engineering tactics.
Modern security tools like firewalls and endpoint protection suites further fortify
systems against these sophisticated threats.

Detection and Mitigation.

Detection methods for old viruses typically involved scanning files for known
virus signatures. These viruses were often repetitive and predictable, making signature-
based detection reliable. Simple heuristic techniques also helped identify anomalies in
files that had been altered by malware. Modern malware, in contrast, frequently evades
traditional detection. Behavioral analysis tools monitor system activities to detect
unusual patterns indicative of an attack, while machine learning-powered systems
analyze large datasets to predict and identify evolving threats (Dey, Gupta, & Sahu,
2023; Sanmorino, Marnisah, & Kesuma, 2024). Network monitoring tools also play a
critical role, scanning for unusual traffic patterns that might signal a breach or
ransomware activity. Figure 3 shows the proposed network intrusion detection system
(including malicious software, viruses, DDoS attacks, and malware) (Sanmorino,
Marnisah, & Kesuma, 2024). The fine-tuned MLP model exhibited strong performance
metrics with an average accuracy of 98.5%, precision of 98.1%, recall of 97.8%, and
F1 score of 97.9%. These findings demonstrate the model's ability to distinguish
between benign and malicious traffic, enhancing network security and resilience.
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Figure 3. The MLP model architecture for network intrusion detection (Authors' source).

When it came to old viruses, mitigation was relatively straightforward. Infected
files could be quarantined and deleted, and in severe cases, the operating system could
be reinstalled. Backup systems often sufficed to recover overwritten or corrupted data.
Modern viruses require a much more comprehensive approach. For instance,
responding to a ransomware attack might involve isolating infected systems,
leveraging secure offline backups, and, in some cases, deploying specialized
decryption tools. Incident response plans have become essential, providing step-by-
step actions to contain and neutralize threats quickly. Threat intelligence sharing with
cybersecurity organizations helps mitigate large-scale attacks, ensuring a coordinated
response. By understanding the unique characteristics of both old and modern viruses,
we can see the importance of adapting our defenses to an ever-evolving landscape.

Future Viruses and Al.

The evolution of computer viruses is expected to accelerate with the integration
of artificial intelligence (Al), making future cyber threats more intelligent, adaptive,
and stealthy. Al-driven malware is no longer a hypothetical concept—current research
and real-world cyberattacks already demonstrate how machine learning (ML)
algorithms are being leveraged for malicious purposes (Kazimierczak, Habib, Chan, &
Thanapattheerakul, 2024; Kritika, 2025; Sarker, Janicke, Mohsin, Gill, & Maglaras,
2024). As Al-powered cyber threats continue to evolve, understanding these
advancements is crucial for cybersecurity professionals (Figure 4).

Initial Development: This is where cybercriminals create the foundation of the
Al-powered virus. Using advanced programming, they embed Al algorithms into the
malware. These algorithms enable the virus to think and act in a way that traditional
malware cannot. Essentially, the virus is designed to learn, adapt, and operate
independently, setting the stage for more sophisticated attacks.
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Figure 4. The future virus: Al-powered virus (Authors' source).

Target Analysis: Once deployed, the virus begins analyzing its environment.
With Al's help, it gathers data on the target system, such as user behavior, system
vulnerabilities, and network activity. For instance, it might observe when users
typically access sensitive files or identify weak spots in outdated software. This data
allows the virus to create a detailed profile of its target.

Adaptive Response: Here, the Al-powered virus showcases its intelligence.
Based on the information gathered during target analysis, it adjusts its behavior
dynamically. For example, if it detects that a firewall blocks a specific type of attack,
it will shift to a different strategy. This adaptability makes it much harder for traditional
security systems to keep up.

Autonomous Spread: Unlike older viruses that require manual triggers or
straightforward scripts, Al-powered malware can propagate through networks on its
own. It mimics legitimate traffic or activities, blending in to avoid raising suspicion.
For instance, it might disguise itself as a regular system update or a harmless email
attachment while spreading to connected devices.

Advanced Exploitation: Once inside the system, the virus leverages Al to exploit
vulnerabilities with surgical precision. It might use zero-day exploits (previously
unknown weaknesses in software) or tailor attacks to specific files, users, or
applications. For example, in a corporate network, it could prioritize stealing financial
records over less critical data.

Persistent Evasion: The final stage ensures the virus can stay undetected for as

long as possible. The embedded Al constantly monitors security tools like antivirus
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software or intrusion detection systems (IDS). If it senses it's being analyzed, it adapts
by encrypting its code, mimicking legitimate processes, or even deleting traces of itself
to throw off defenders.

Al-Driven Attack Mechanisms.

Automated Malware Generation: Al-powered tools such as generative
adversarial networks (GANs) have been shown to create highly polymorphic malware
capable of continuously modifying its code to evade traditional antivirus detection.
This technique was demonstrated in a study where GANs were used to generate
malware that bypassed machine learning-based classifiers with a high success rate
(Renjith, Sonia, Aji, Corrado, & Vinod, 2022).

Intelligent Target Analysis: Al-powered viruses can analyze massive datasets to
identify system vulnerabilities, behavioral patterns, and weak points in network
security. For example, the DeepLocker malware, developed as a proof-of-concept by
IBM researchers, utilized deep learning to trigger its payload only when specific
conditions were met—such as detecting a particular user's face via webcam or
identifying specific geolocation markers.

Adaptive Evasion Techniques: Future viruses will employ adversarial machine
learning techniques, such as data poisoning and model evasion, to bypass Al-driven
cybersecurity defenses. Researchers have already demonstrated how malware can
subtly alter its behavior to mislead intrusion detection systems (IDS). A notable
example is the use of reinforcement learning to identify and exploit weaknesses in
security models, allowing malware to adjust its tactics dynamically.

Autonomous Propagation and Execution: Unlike traditional malware that
follows pre-programmed scripts, Al-enhanced viruses will use deep neural networks
(DNNs) to autonomously navigate and spread across networks. They will mimic
normal user behavior to avoid raising security alerts. The Emotet and TrickBot
malware families already incorporate Al-driven techniques to analyze network
environments and determine the most effective infection strategies.

Precision Exploitation of Zero-Day Vulnerabilities: Al-driven cyberattacks
can leverage deep learning models to scan software for previously unknown
vulnerabilities, commonly referred to as zero-day exploits. Researchers at Google’s
DeepMind have explored the use of Al for vulnerability detection, demonstrating that
Al can identify flaws in software code more efficiently than traditional security teams.
A real-world example is OpenAl’s Codex model, which has shown proficiency in
generating and modifying code—including potentially malicious exploits.

Persistent Evasion and Self-Healing Malware: Al-based malware will not only
evade detection but also possess self-healing capabilities. By using Al-based mutation
engines, future viruses could continuously rewrite portions of their code, preventing
detection by behavioral analysis tools. The Houdini malware family has demonstrated
early-stage Al-driven evasion by altering attack patterns based on security system
responses.
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The Potential Impact.

The impact of future viruses could be devastating. Businesses, governments, and
individuals could face unprecedented levels of disruption. Imagine ransomware that
not only encrypts data but also learns to target backups or Al systems that hijack
decision-making processes in critical infrastructure like power grids or healthcare
systems. Financial losses could skyrocket as cybercriminals become more efficient at
exploiting vulnerabilities. The societal impact could also be profound. Trust in digital
systems may erode if Al-powered viruses infiltrate essential services or manipulate
information at scale. Cyberwarfare could escalate as nations deploy sophisticated
malware against each other, potentially destabilizing geopolitical relations.
Furthermore, individuals may face heightened risks to privacy, with viruses capable of
harvesting and analyzing personal data in ways never seen before.

Preparing for the Future.

To prepare for this new wave of threats, cybersecurity must evolve alongside
them. Organizations and individuals need to adopt proactive strategies that combine
human ingenuity with Al-driven defenses. Advanced threat detection systems powered
by machine learning will become indispensable, enabling real-time monitoring and
analysis of network behavior to identify and neutralize emerging threats. Collaboration
across industries and governments will also be crucial. Sharing threat intelligence and
investing in cybersecurity research can help develop countermeasures before Al-
powered viruses gain widespread traction. At an individual level, fostering a culture of
cybersecurity awareness—such as understanding the risks of phishing and securing
personal devices—will remain vital.

In essence, while the future of computer viruses will undoubtedly bring new
challenges, it also offers opportunities to innovate and strengthen our defenses. By
embracing cutting-edge technologies and fostering a united front against these threats,
we can prepare for a safer digital future.

Contribution.

This study contributes to the existing body of knowledge by providing a
comprehensive analysis of the impact of Al-powered threats on digital security. Unlike
previous studies that primarily focused on traditional cyber threats, this research
examines the evolving landscape of Al-driven attacks and the necessary
countermeasures. Our findings highlight new vulnerabilities introduced by Al systems,
emphasizing the need for adaptive security frameworks. Furthermore, we bridge the
gap between historical security methodologies and modern Al-enhanced defense
strategies. By comparing Al-powered threat vectors with traditional cyberattack
patterns, this study offers valuable insights into the shifting nature of cybersecurity
challenges. We also propose a predictive model leveraging machine learning
techniques to identify emerging threats, improving response time and mitigation
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strategies. This research also contributes to policy development by outlining ethical
considerations and regulatory measures necessary to address Al-powered cyber threats.

Conclusion.

As computer viruses continue to evolve, becoming more sophisticated and
adaptive, our approach to cybersecurity must also advance. From early boot sector
infections to Al-driven malware capable of autonomous decision-making, the
landscape of digital threats has changed dramatically. Understanding the mechanisms,
motivations, and potential impact of these evolving threats is crucial in shaping
effective prevention, detection, and mitigation strategies. While modern cybersecurity
tools leverage Al and machine learning to counteract emerging threats, the key to
resilience lies in proactive defense measures, real-time threat intelligence, and
collaboration among industries, researchers, and governments. As we move forward,
the battle between cyber attackers and defenders will intensify, making continuous
adaptation and innovation essential to safeguarding digital infrastructure and personal
security in an increasingly connected world.
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Axmaa CanMopiHo
VYuisepcutet Iaao ['nodan Maunnipi, [ngonesis

Srama 3axpa
Vuisepcurer llpusimkas, [Hagones3is

3pocranns nudpoBux 3arpo3: IcropuyHuUil OIS HA KOMIT' IOTEPHI BipycH Ta
Ki0epOe3neKy
Anomauia. Cmpimka egonoyiss KOMN 1OMEPHUX 8ipYCié NOCUNUIA HeOOXIOHICb
y po3pobyi nepedosux Mexamizmie eussienHs 3azpo3. Lle docnidxcenus posensoae
icmopudHull po36UMOK WIKIOIUBO20 NPOSPAMHO20 3a0e3neyeHHs ma aHali3ye poJib
MAWUHHO20 HABYAHHS Y 800CKOHAIEHHI 3ac00i8 Kibepbesneku. AHanizyrouu Kuovosi
iHyuodenmu, maxi sk xpooax Moppica, sipyc ILOVEYOU ma npocpama-eumazau
WannaCry, 0ocniodxcenus UsABAE 3aKOHOMIPHOCMIE V PO3GUMKY WIKIOIUBUX NPOSPAM
ma 3pocmaroyy cKiaoHicms Kibepsazpos. Pezynomamu nokazyomo, wo mpaouyititi
Memoou GUABNEHHSA, 3ACHOBAHI HA CUSHAMYPAX, He BCMU2AIOMb 3d PO3GUMKOM
WKIONIUBO20 NPOSPAMHO20 3a0e3neueHts, Wo 3YMOBI0E HeoOXIOHICmb nepexody 00
nioxo0ie, 3aCHOBAHUX HA MAWUHHOMY HayauHi. Texwonozii, maki 5K GUSGIeHHS
aHomanil, noeediHKoUU auaniz i Mooeni 2IUOOKO20 HABYAHHA, O008eNlU C80I0
ehekmugHicmsb Y pO3Ni3HABAHHI HOBUX 3a2po3. Lle OocnidxcenHs NIOKpecuroe, wo
MAwuHHe HA84aHHA NIOBUWYE eheKMUBHICMb BUABIEHHS 3A2P03 Y DeabHOM) Haci
3a80AKU 30AMHOCMI PO3NIZHABAMU MOHKI 3AKOHOMIPHOCMI Ma a0anmyeamucs 00
Hosux cmpameeiti amax. Kpim moeo, pezynemamu ucgimuoroms 8UKIUKU, NO8 SA3AHI
3 amaxkamu, wo GUKOPUCMOBYIOMb Memoou NPOMuoli CUCMeMaM GUABNEHHS, KO
WKIONIUBe NPOSpaAMHe 3a0a3NneyeHHss HABMUCHO 3MIHIOE 6XIOHI OaHi, W00 YHUKHYMU
po3snisnaganHs. JlocniodicenHs HA20N0ULYE HA HeoOXIOHOCmI pOo3pOOKU CMIUKUX OO
MaKux amaxk mMawunHux mooeneu. Taxodxc inmezpayis mooenel Ha OCHOBI WMYYHO20
iHmenexmy 3 mpaouyiiHumu 3acooamu Kibepbesneku NOKpauye moyHicms GUABIEHHS
3a2po3 i WeUOKICMb peazy8aHHs Ha HUX. Bukopucmosyrouu icmopuuHi 3HaHHA ma
HOGIMHI MEXHON02ll, ye O00CHIOHCeHHsI 0DIPYHMOBYE HEOOXIOHICMb NPOAKMUBHO20
nioxody 0o Kibepbesnexu. Ompumani pe3yibmamu NiOMeEepOICYIOMsb BANCIUBICIND
Oe3nepeperHo2o 800CKOHANEHHS MemOoOl8 BUSBNEHHS 3a2P03 HA OCHOBI MAUUHHOZ0
HAB8YAHH3 0J151 60pombOU 3 0e0ani CKIAOHIWUMU KIDepamaxkamu.
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analysis and experimental research to explore the vulnerability of military drones
made from carbon fiber-reinforced polymer to destruction by laser radiation. The work
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strategic factors that influenced the increasing reliance on carbon fiber-reinforced
polymer for enhancing drone performance in terms of range, payload, and
survivability. In parallel, the article examines the emergence of directed energy
weapons, focusing on laser systems, as a response to the limitations of conventional
kinetic countermeasures in neutralizing fast, small, and low-observable drones. The
study outlines how the military’s growing concern with swarm attacks and stealth
unmanned aerial vehicles has accelerated investments in laser-based air defense
systems capable of engaging airborne targets with high accuracy and low operational
cost. The experimental component investigates the mechanisms of laser-induced
damage in carbon fiber-reinforced polymer materials through controlled laboratory
tests, during which samples are exposed to varying intensities and durations of laser
radiation. The results are analyzed to determine the energy thresholds and exposure
conditions that lead to effective material destruction. By synthesizing historical and
experimental data, the article provides a comprehensive understanding of how past
material choices have shaped current vulnerabilities in drone technology and how
modern laser systems are specifically adapted to exploit those weaknesses. This
integrated approach not only bridges the gap between history and applied science but
also contributes to the development of more effective and informed counter-drone
strategies in contemporary and future military operations.

Keywords: unmanned aerial vehicle; Counter Unmanned Aircraft Systems (C-
UAS), laser weapon, carbon fiber-reinforced polymer; destruction

Introduction.

Plastics and plastic composites based on polymers like polyethylene,
polypropylene, PVC, PET, and epoxy resins are widely used across modern life due to
their strength, flexibility, and cost-efficiency. They are found in packaging, automotive
parts, electronics, construction materials, textiles, and medical equipment
(Demchenko et al., 2022; Masiuchok et al., 2022). Composites reinforced with glass or
carbon fibers offer enhanced mechanical performance, making them essential in
aerospace, sports, and defense industries (Nugraha et al., 2022). Their versatility and
adaptability have made them integral to industrial and consumer products alike.
However, their extensive use also raises concerns over environmental sustainability,
recycling challenges, and long-term ecological impact.

Carbon fiber-reinforced polymer (CFRP), commonly known as carbon fiber, has
become increasingly popular in the design and production of military drones due to its
superior performance characteristics that align with the tactical, operational, and
strategic demands of modern warfare (Bjorck, Svedbrand, Sjoqvist, & Edstrom, 2022).
One of the most critical factors is its exceptional strength-to-weight ratio, which
enables military drones to carry larger payloads, such as advanced sensors, surveillance
equipment, electronic warfare systems, or guided munitions, while maintaining lower
overall mass. This lightweight yet strong material allows for extended flight durations,
greater operational ranges, and improved fuel efficiency or battery endurance — key
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parameters in reconnaissance, surveillance, and combat missions. Carbon fiber's low
radar cross-section is another decisive advantage in military contexts, as its non-
metallic composition can reduce the radar visibility of drones, making them more
difficult to detect by enemy defense systems and enhancing their stealth capabilities.
Unlike metallic materials, CFRP does not reflect radar waves in the same way, making
it highly suitable for the development of low-observable UAVs used in intelligence-
gathering and strike operations in contested airspace (Allheily et al., 2016).
Additionally, the structural rigidity and vibration-damping qualities of carbon fiber are
critical in ensuring stable imagery and reliable operation of precision targeting systems,
particularly during high-speed maneuvers or turbulent weather conditions. The
resilience of CFRP under mechanical stress and its resistance to corrosion and fatigue
under repeated cycles of load and environmental exposure further increase the
durability and survivability of drones in harsh battlefield environments (Schéiffer et al.,
2024). From desert heat and coastal humidity to cold mountain climates, military
drones often operate under extreme and variable conditions where conventional
materials might degrade or fail; CFRP maintains performance integrity across these
scenarios, reducing maintenance needs and increasing operational readiness. The
flexibility of carbon fiber manufacturing techniques — such as custom molding and
composite layup — also allows engineers to produce complex aerodynamic shapes that
optimize lift, reduce drag, and enhance maneuverability, giving military UAVs an edge
in speed, agility, and evasion. Moreover, CFRP enables the integration of embedded
systems and components within the structure itself, including wiring channels, sensor
housings, and even antennas, facilitating compact and streamlined designs that lower
profile and improve mission adaptability. As military drones become increasingly
modular and multifunctional — capable of switching roles from surveillance to strike or
electronic warfare — CFRP supports rapid prototyping and reconfiguration. Cost
efficiency is another emerging factor; while carbon fiber was once considered
prohibitively expensive, advances in manufacturing and economies of scale have
brought down costs, making it more feasible for defense applications where the
performance return outweighs the investment. Lastly, as militaries invest in drone
swarms and expendable UAVs, carbon fiber offers a balance between robustness and
economic viability, allowing for high-performance platforms that are cost-effective
even when deployed in high-risk or single-use scenarios. Taken together, these factors
explain why carbon fiber-reinforced polymer has become a foundational material in
military drone development, supporting not just structural efficiency but also stealth,
resilience, adaptability, and advanced mission capabilities.

Lasers are deeply integrated into modern technology, with material processing
being one of their most widespread and transformative applications. In industrial
settings, lasers are used for high-precision cutting, welding, drilling, and marking of
metals, plastics, ceramics, and composites (Shelyagin et al., 2005; Korzhyk et al., 2022;
Lesyk et al., 2024). Their ability to deliver concentrated energy with minimal thermal
distortion makes them ideal for producing clean, accurate cuts and joints in automotive,
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aerospace, and electronics manufacturing. Laser welding is increasingly favored for its
speed and strength, especially in battery production and lightweight component
assembly (Kumar, Tomashchuk, Jouvard, & Duband, 2024). In microelectronics and
semiconductor industries, lasers enable delicate micromachining, surface texturing,
and patterning at sub-micron scales. Additive manufacturing processes like selective
laser sintering (Goncharuk, Zhuk, Kaglyak, Dzhemelinskyi, & Lesyk, 2018;
Zavdoveev et al., 2022; Sokolovskyi & Bernatskyi, 2023) and direct metal laser
sintering are revolutionizing the production of complex parts, reducing material waste
and accelerating prototyping. Lasers are also widely used for surface treatments, such
as hardening, annealing, and coating removal, extending the lifespan and performance
of components (Berdnikova et al., 2021; Kritskiy et al., 2022). Beyond manufacturing,
lasers play key roles in telecommunications, medicine, environmental sensing, and
consumer electronics. In the military sphere, lasers are being developed and deployed
as directed energy weapons capable of neutralizing drones, missiles, and other threats
with precision and speed. Additionally, they are used for range finding, target
designation, and optical communication in modern combat systems, enhancing
accuracy and operational capability.

The current stage of development of countermeasures and means of destruction
targeting military drones made of CFRP reflects a rapidly evolving intersection of
material science, directed energy weapons, kinetic interceptors, and electronic warfare
systems designed specifically to overcome the advantages offered by carbon-based
composite materials. Carbon fiber, with its high strength-to-weight ratio, resistance to
corrosion, and low radar visibility, presents a unique challenge to traditional anti-
aircraft systems, prompting the development of more specialized counter-drone
technologies. One major focus area is the advancement of directed energy weapons,
particularly high-energy lasers, which are proving effective against CFRP drones due
to their ability to induce rapid localized heating (Yang et al., 2020; Nallamalli,
Singh, & Kumar, 2023; Schéiffer, Wolfrum, Lueck, & Osterholz, 2024). Despite
carbon fiber's high tensile strength and thermal tolerance, it remains vulnerable to
concentrated laser exposure, which can cause resin matrix decomposition,
delamination, and eventual structural failure. As a result, militaries and defense
contractors are fine-tuning targeting algorithms to maintain precise beam focus on
critical drone components — such as rotor arms or control surfaces — for long enough
to achieve functional incapacitation, even at standoff distances. Similarly, microwave-
based weapons are being adapted to exploit the carbon composite structure’s potential
weaknesses in shielding sensitive electronics; while CFRP is non-metallic and may not
act as a conventional antenna, it often lacks the electromagnetic shielding capacity of
metallic airframes, leaving embedded systems like GPS, flight controllers, and
communication modules susceptible to directed electromagnetic pulses and high-
powered microwave attacks. Concurrently, kinetic intercept systems are evolving to
address the increased agility and reduced radar signature of carbon fiber drones. These
include enhanced radar and infrared sensors capable of detecting low-observable
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UAVs and guiding interceptor missiles or smart projectiles with improved terminal
accuracy. Even conventional anti-aircraft guns are being upgraded with advanced fire
control systems and proximity-fuzed ammunition to increase kill probability against
fast, maneuverable, carbon-based drones. Another promising frontier involves drone-
on-drone countermeasures, in which Al-guided interceptor UAVs physically ram or
disable enemy drones mid-air, exploiting the lightweight, brittle nature of CFRP
structures that are strong under tensile loads but vulnerable to concentrated mechanical
impacts. At the same time, soft-kill approaches such as GPS spoofing, radio frequency
jamming, and cyber intrusion continue to develop, taking advantage of the fact that,
regardless of structural material, all drones rely on complex electronic systems to
operate. While CFRP structures offer mechanical resilience, they provide no inherent
defense against signal interference, making electronic warfare a highly effective, low-
cost method to neutralize drones without requiring physical destruction. Research is
also being directed toward material-specific sensors and tracking systems that can
identify the distinct thermal or spectral signature of carbon fiber UAVs, which could
support early warning and targeting for both defensive installations and mobile units.
In parallel, the emergence of multi-layered drone defense systems — integrating radar,
electro-optical sensors, electronic warfare suites, and rapid-response kinetic or laser
weapons — is reshaping how militaries approach drone threats, particularly swarms of
fast, low-flying UAVs constructed from CFRP (Bjorck, Svedbrand, Sjoqvist, &
Edstrém, 2022; Taillandier et al., 2023; Schéffer et al., 2024).

Research Methods.

The methodology of this article is based on an interdisciplinary approach that
integrates historical analysis with experimental studies to examine the development
and destruction of military drones made of CFRP under laser radiation. The historical
component involves a systematic study of the evolution of both CFRP materials in
military aviation and the parallel development of directed energy weapons, with a focus
on high-energy lasers (Bernatskyi, Lukashenko, Siora, & Sokolovskyi, 2024). Archival
research will be conducted using military reports, defense industry publications,
scientific journals, patent databases, and declassified documents to trace how and why
CFRP became the preferred material in military drone construction, especially from
the late Cold War period to the present. Particular attention will be paid to the influence
of strategic doctrines, material science advancements, and the growing demand for
stealth, agility, and endurance in unmanned aerial systems. In parallel, the study will
analyze the military and technological motivations behind the development of laser
weapons as a response to the increasing use of composite-material drones. The
experimental part of the research will focus on the interaction between laser radiation
and CFRP materials commonly used in drone manufacturing. Using controlled
laboratory settings, CFRP samples will be exposed to high-energy laser beams under
varying power levels, exposure times, and beam diameters. The results will help
determine the thresholds at which laser radiation causes structural failure in carbon
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fiber composites. The integration of historical context with material testing will allow
for a better understanding of how past choices in materials and military technology
have shaped the current vulnerabilities and countermeasure strategies involving lasers.
This combined methodology offers a dual lens — looking backward to trace the
technological path that led to the current use of CFRP in drones, and looking forward
to assess how laser-based systems exploit specific material weaknesses in modern
warfare.

Results and Discussion.

Laser-Based Destruction of Military Drones Made from CFRP.

Laser-based destruction of military drones made from CFRP represents one of the
most intensively researched frontiers in modern directed energy weapon (DEW)
development (Figure 1), as militaries and defense agencies seek effective, precise, and
scalable countermeasures to address the growing threat posed by stealthy, agile, and
increasingly autonomous unmanned aerial systems (Schéffer et al., 2024).

High-speed
camera

Cover

DSLR

camera

ol | R

Figure 1. Experimental setup includes an automated sample exchange, operated by a
robotic arm (Schéffer et al., 2024).

The interest 1 targeting CFRP drones with laser radiation arises from a unique
intersection of the material properties of carbon composites and the operational
characteristics of high-energy laser systems (Yang et al., 2020; Liao, Huang, & Xie,
2023; Taillandier, Regnault, Beaumadier, Beigbeder, & Pasquier, 2024). While CFRP
is celebrated in drone design for its high strength-to-weight ratio, corrosion resistance,
and reduced radar cross-section, it also possesses critical vulnerabilities — especially
when exposed to sustained, high-intensity electromagnetic energy in the form of
focused laser beams. Current research into laser-CFRP interactions is multifaceted
(Figure 2), drawing from materials science, aerodynamics, optical engineering,
thermomechanical modeling, and systems integration to determine optimal destruction
strategies that can be deployed in real-world combat environments (Tresansky, Joyce,
Radice, & Watkins, 2014; Taillandier et al., 2022).
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Figure 2. (a) Irradiation of CFRP with a laser power of 120 kW and a spot size of
20 mm results in an expanding gas cloud. The 4 mm thick CFRP plate is perforated
after 0.4 seconds. (b) images of the damage zones on the front and back of irradiated

CFRP samples made from two different fiber materials (Schéffer, Wolfrum,
Lueck, & Osterholz, 2024).

One of the most fundamental aspects of this research is the study of thermal
degradation mechanisms of CFRP under high-energy laser irradiation (Kujawinska,
Kustron, Siedlecki, & Malesa, 2017; Schleijpen et al., 2020; Schiffer et al., 2024).
Unlike metals, which typically melt under laser heating, CFRP materials undergo a
more complex failure process due to their composite structure, which consists of
carbon fibers embedded in a polymer matrix, usually an epoxy resin (Yang et al., 2020).
When irradiated, the resin component absorbs laser energy and begins to thermally
degrade at relatively low temperatures — around 300—400°C — causing delamination
and decomposition, while the carbon fibers themselves can oxidize or structurally
weaken at higher temperatures exceeding 600—1000°C. Researchers are investigating
how different laser wavelengths, pulse durations, and power densities affect this failure
sequence. For example, infrared lasers, particularly those in the 1.06—1.07 pm
wavelength range (such as fiber lasers or Nd:YAG lasers), are often used due to their
effectiveness in penetrating polymer layers and initiating thermal damage (Kim,
Choi, & Kwon, 2024). Experiments have shown that with sufficient dwell time — i.e.,
the duration the laser beam remains fixed on a single point — CFRP components can be
caused to structurally fail through a combination of matrix decomposition, fiber
ablation, interlaminar cracking, and eventual rupture of load-bearing sections
(Kujawinska, Kustron, Siedlecki, & Malesa, 2017).

In laboratory and field test environments, researchers are working to quantify the
minimum energy thresholds required to defeat CFRP airframes under various
atmospheric and operational conditions (see Figure 3). This includes accounting for
heat diffusion in the material, the angle of incidence of the laser beam, and the rotation
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or movement of the target drone, which affects beam tracking and thermal coupling
efficiency (Allheily et al., 2016; Zhang et al., 2018).
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Figure 3. (a) Perforation times as a function of laser power in a double-logarithmic
representation for CFRP plate thicknesses of 2—6 mm and a beam diameter of 20 mm.
(b) Volume removal rate as a function of laser power (Schéiffer, Wolfrum, Lueck, &

Osterholz, 2024).

For example, studies have shown that targeting thinner structural elements — such
as rotor arms, wing spars, or propeller hubs — requires less laser energy than attempting
to destroy denser, more reinforced areas such as the fuselage or payload housing. One
notable focus is on beam control systems that can stabilize and focus the laser on a
rapidly moving, small-scale target at long range (Bjorck, Svedbrand, Sjoqvist, &
Edstrom, 2022). Adaptive optics, real-time tracking algorithms, and gimbaled beam
directors are being refined to enable high-precision engagements even against drones
flying at high speeds, performing evasive maneuvers, or operating under variable
weather conditions (e.g., wind, dust, fog, or rain, all of which can scatter or absorb laser
energy).

Simultaneously, materials scientists are conducting extensive microstructural
analyses — using scanning electron microscopy, thermogravimetric analysis, and
infrared spectroscopy — to observe how CFRP deteriorates at microscopic levels under
laser exposure (Kujawinska, Kustron, Siedlecki, & Malesa, 2017; Wolfrum, Eibl,
Oeltjen, Osterholz, & Wickert, 2021). These analyses provide insights into how the
interfacial bonding between the carbon fibers and polymer matrix behaves under
sudden, localized thermal stress. The role of composite layup orientation, resin type,
fiber weave, and even manufacturing imperfections such as voids or air gaps is being
examined to identify structural configurations that are either more vulnerable or more
resistant to laser damage. This information is vital for military planning, as it can
inform targeting strategies (e.g., where to aim the laser for quickest disablement) as
well as counter-countermeasures (e.g., what drone designs might resist DEWs better).

In the article (Wolfrum, Eibl, Oeltjen, Osterholz, & Wickert, 2021) SEM images
also show that within the direct radiation zone the fibers and the matrix are burned or
chipped off and a coneshaped perforation has developed (Figure 4).
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Figure 4. Scanning electron micrographs of a perforated 4 mm thick panel irradiated
for 2.8 s (laser-spot-diameter: 10 mm; laser power: 5 kW), inserts show details inside
and at the edge of the hole (Wolfrum, Eibl, Oeltjen, Osterholz, & Wickert, 2021).

Around the hole in the heat affected zone, the matrix has vanished on the front
and back side of the panels, but the fibers are virtually undamaged (Wolfrum, Eibl,
Oeltjen, Osterholz, & Wickert, 2021). A closer look at the edge of the hole on the front
side reveals a typical shape of broken fibers with residual matrix particles sticking on
them. This observation suggests that by the sudden heating at the beginning of the
irradiation the material is predominantly chipped off. Video recordings of the laser tests
confirm that smoke forms notably at the beginning of the tests due to the sudden

thermally induced stresses (Figure 5).

Figure 5. Images by a high-speed video camera showing different stages of the
interaction of the high-power laser radiation with a 4 mm thick CFRP sample. (Laser
power: 10 kW; Beam diameter: 10 mm; Perforation time: 1.2 s). (Wolfrum, Eibl,
Oeltjen, Osterholz, & Wickert, 2021).
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With increasing duration of the experiment, less chipping of fragments can be
observed (Wolfrum, Eibl, Oeltjen, Osterholz, & Wickert, 2021). Then, oxidation
processes additionally degrade matrix and fiber and less smoke forms. Inside the hole,
the fibers look burned, the fiber ends are pointed and barely any matrix can be found
on the fibers, both indicating that high temperatures have occurred. Additionally, the
average carbon fiber diameter of initially 7.3+0.3 mm34 is reduced to 6.3+0.3 mm
according to Figure 5 near the fiber ends and a rough surface structure of the fibers is
observed. A decrease of the fiber diameter and the formation of surface defects are
typical mechanisms of carbon fiber degradation in an oxidizing atmosphere. Thermal
degradation of carbon fibers occurs beyond a minimum temperature of 650 °C in
presence of oxygen, whereas the matrix degrades beyond ca. 300 °C within minutes.
For the very short durations of the laser irradiation the temperatures are expected to be
by far higher. A few small droplets probably are remains of melted glass fibers that are
part of the M18-1/G939 material. In summary, the decomposition mechanism changes
from chipping material to oxidizing it with increasing irradiation time and penetration
depth. This finding specifies a report that theoxidative decomposition especially of
carbon fibers does not occur, because formed pyrolysis products of the matrix hinders
access of air. However, for prolonged laser treatment, ignition and oxidative
decomposition occurr.

In parallel, computational modeling plays a major role in simulating laser-CFRP
interactions (Tresansky, Joyce, Radice, & Watkins, 2014; Nan, Shen, Han, & Ni,
2019). Finite element models and computational fluid dynamics simulations are being
used to predict heat transfer, material ablation, and structural failure modes under
different laser exposure scenarios (see Figure 6).

s t=1s i t=125s

Figure 6. Computational modeling in simulating laser-CFRP interactions (Tresansky,

Joyce, Radice, & Watkins, 2014).
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These models are calibrated with experimental data and allow researchers to
explore a vast range of variables — including different UAV geometries, composite
thicknesses, and flight profiles — without the need for exhaustive physical testing. Such
simulations are particularly important in military R&D contexts, where confidentiality,
cost, and safety limit the scale of real-world trials. Moreover, these models are being
integrated into software systems for use in operational laser weapon platforms,
enabling real-time estimations of required dwell times and expected damage based on
incoming drone specifications and environmental conditions (Nallamalli, Singh, &
Kumar, 2023).

Another important area of research addresses the limitations of current laser
systems against CFRP drones, particularly those designed for high-altitude or long-
endurance missions (Bjorck, Svedbrand, Sjoqvist, & Edstrom, 2022). At high altitudes,
for example, atmospheric density decreases, which can reduce laser absorption
efficiency and beam coherence, thereby requiring more powerful or better-collimated
lasers to maintain destructive energy densities. Additionally, some advanced drone
designs incorporate ablative coatings or reflective surfaces to resist laser-induced
damage, prompting counter-developments in multi-wavelength or pulsed laser systems
capable of overcoming these defenses (Kujawinska, Kustron, Siedlecki, & Malesa,
2017). There is also growing attention to the thermal signature of drones during and
after laser engagement; understanding how different CFRP configurations radiate heat
can improve tracking and battle damage assessment capabilities, helping operators
verify successful neutralization (Yang et al., 2020; Kim, Choi, & Kwon, 2024).

From a strategic perspective, militaries are increasingly viewing laser systems not
just as tools for destruction, but as scalable platforms for layered defense against
carbon-fiber-based UAVs. Low-power lasers may be used for disabling optical or
infrared sensors, medium-power lasers for neutralizing propulsion systems or severing
rotors, and high-power lasers for catastrophic structural failure (Allheily et al., 2016;
Castrillo, Manco, Pascarella, & Gigante, 2022; Liao, Huang, & Xie, 2023). This
layered approach aligns with the increasingly modular nature of both offensive drones
and defensive energy weapons, allowing for tailored responses depending on the threat
level, rules of engagement, or collateral risk. For example, in urban environments or
near critical infrastructure, a precision laser strike that disables a CFRP drone without
causing it to explode or crash uncontrollably may be preferable to kinetic interceptors
or RF jamming techniques.

The current stage of applied research also includes extensive testing by defense
agencies such as the U.S. Department of Defense, the Israeli Ministry of Defense,
China’s PLA, and NATO partners, all of whom are developing or deploying laser-
based counter-UAV systems. Notable programs include the U.S. Army’s DE M-
SHORAD system, the U.S. Navy’s LaWS (Laser Weapon System), Israel’s Iron Beam,
and Germany’s HELWS initiative — all of which have demonstrated the ability to
destroy or disable small drones made with composite materials, including CFRP. These
systems aim for portability, rapid response times, and cost-efficiency per shot — since
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lasers operate using electrical power, they offer nearly unlimited ‘“ammunition”
compared to finite missile inventories. Such advantages are crucial as militaries
confront increasingly frequent and diverse drone threats in asymmetric warfare
scenarios.

Research into the destruction of CFRP-based military drones via laser radiation is
in an advanced and fast-developing stage, with progress being made on multiple
technical fronts — from materials science and beam control to targeting algorithms and
thermal modeling (Tresansky, Joyce, Radice, & Watkins, 2014). While CFRP drones
are formidable due to their lightweight durability and low observability, they are not
impervious to well-targeted laser systems, especially when those systems are optimized
for beam dwell, atmospheric correction, and material-specific engagement protocols
(Bjorck, Svedbrand, Sjoqvist, & Edstrom, 2022). As laser technologies continue to
mature and become integrated into mobile and fixed defense platforms, their role in
neutralizing carbon-composite drones is set to expand significantly, reshaping the
tactical landscape of drone warfare and accelerating the ongoing arms race between
UAV innovation and counter-UAV lethality.

Experimental Study of the Effect of Laser Radiation on the CFRP &
Discussion.

As part of the project "Study of the effect of a laser beam on the materials of UAV
parts and substantiation of the technical parameters of the laser equipment of the
mobile complex to combat them", the authors identified the materials most commonly
used to make parts of various UAVs. In particular, it was found that parts of the hull of
attack UAVs can be made of CFRP. This research was funded by the National Research
Foundation of Ukraine under the project No. 2023.04/0166 * Study of the effect of a
laser beam on the materials of UAV parts and substantiation of the technical parameters
of the laser equipment of the mobile complex to combat them”.

This part of the article is devoted to the study of the behavior of carbon fiber-
reinforced polymer plate under the action of high-power laser radiation to determine
the optimal parameters of destruction of this composite material (see Figure 7).

Figure 7. Example of the obtained results of the study of the effect of laser radiation
on the carbon fiber-reinforced polymer plate (Authors' source).
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The use of laser weapons against unmanned aerial vehicles made of carbon fiber-
reinforced polymer is an urgent task, so the study of the effect of laser beam parameters,
such as power, spot diameter, and angle of incidence, on the material destruction
efficiency is of great practical importance.

For the experiments, we used a Nd:YAG laser with a radiation power of up to
4.4 kW and a wavelength of 1.06 um. Carbon fiber-reinforced polymer sheets with
dimensions of 1000 x 500 x 2 mm were laser processed with the variation of such
parameters as power (1-4 kW), beam diameter (5-20 mm), angles of incidence (30°,
45°, 60°, 90°), and laser beam travel speed (0.5-2 m/min). Figures 8—11 show the
results of these studies as angle of incidence 90°.
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Figure 8. Graph of the effect of laser radiation on the penetration of a CFRP plate
from power density as well as the exposure time.

The analysis of the data in this graph shows for penetration of a 2 mm thick CFRP
plate, it is desirable to ensure a static exposure time of more than 0.5 s. The reason for
this lies in the fact that during the laser treatment interval of 0.25-1 s, a 4x decrease in
the laser power required to pierce the density is observed. It can also be noted that with
an increase in the treatment time, the “uncertainty zone” (marked in yellow on the
graph) decreases (see Figure 8).
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Figure 9. Diagram of the effect of laser radiation energy exposure and the diameter
of the laser beam on the penetration of a CFRP plate.

The data shown in this graph indicate an increase in the energy exposure required
to penetrate the carbon plate in proportion to the increase in the beam diameter (see
Figure 9). This is attributed to a geometric increase in the beam cross-sectional area,
which leads to a decrease in the laser power density. It is necessary to note the existence
of an “uncertainty zone”, in which cases with different processing results when using
laser beams with identical energy exposure and beam diameter, exist due to the
difference in the exposure time, which has a significant impact on the processing of
this material.
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Figure 10. Diagram of the effect of laser radiation energy exposure and exposure

time on the penetration of a CFRP plate.
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The analysis of the data shown in Figure 10 shows that it is necessary to maintain
the energy exposure at a level close to 5000 J/cm? to pierce a 2 mm thick CFRP plate.
The anomaly, shown here is tied to the exposure time interval of 0.25—1 s, where the
theoretically possible burn rate drops to 4000 J/cm?. Despite this, this dependence holds

for all other studied exposure time ranges.
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Figure 11. Diagram of the effect of laser radiation the energy exposure and laser
power on the penetration of a CFRP plate.

This graph confirms the previously described principle, which states that in order
to penetrate a plate of this material, it is necessary to ensure the energy component at
a level above 5000 J/cm?. A separate anomaly shown on this diagram is the guaranteed
penetration point at 3 kW of laser power of 7644 J/cm?, but the presence of an
‘uncertainty zone’ below this level is attributed to the lack of sufficient experimental
data rather than an abnormal course of the penetration process at this laser power (see
Figure 11).

The discussion of this interdisciplinary research reveals critical insights at the
intersection of material science, military technology, and historical development,
emphasizing how the strategic adoption of CFRP in drone design has created both
technological advantages and new vulnerabilities — particularly in the face of modern
laser weapon systems. Historically, the use of CFRP in military drones emerged in the
late 20th century, initially within aerospace sectors such as the U.S. Department of
Defense’s stealth programs (e.g., the Lockheed Martin RQ-170 Sentinel), where
lightweight and radar-absorbing materials were essential for reconnaissance in
contested airspace. This trend accelerated in the early 2000s with the proliferation of
medium and small tactical drones (e.g., MQ-9 Reaper, Bayraktar TB2), many of which
employed CFRP in structural elements such as wings, fuselages, and rotor blades to
enhance endurance, payload efficiency, and low observability. The advantages of
CFRP — such as high tensile strength-to-weight ratio and corrosion resistance — made
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it a logical material for long-range, reusable aerial systems. However, this research
demonstrates that these same properties do not guarantee resilience under directed
energy attack, especially laser radiation.

From a historical and strategic viewpoint, these data suggest that the evolution of
drone material design — originally intended to maximize stealth and endurance — has
unintentionally created a target profile highly susceptible to thermomechanical damage
under precision laser fire. The study highlights the paradox in contemporary drone
warfare: as military UAVs have become more advanced, autonomous, and difficult to
detect, they have also become more structurally vulnerable to compact, high-energy
laser systems that can disable them with minimal collateral damage and low per-shot
cost. This duality is important for defense planners considering both procurement and
counter-UAYV strategies. While the historical embrace of CFRP reflected a rational
response to the tactical needs of the late Cold War and post-9/11 periods (e.g.,
intelligence, surveillance, and reconnaissance dominance, strike capabilities, and
endurance), the present research implies that survivability in the age of directed energy
weapons may require rethinking UAV material systems or incorporating additional
shielding, modular repair features, or laser-deflective coatings. In conclusion, the
interdisciplinary approach — drawing on historical context and laboratory
experimentation — provides a deeper understanding of the vulnerabilities embedded in
current drone design philosophy and underscores the need for next-generation solutions
in both drone resilience and countermeasure sophistication.

Conclusions.

The integration of historical analysis and experimental investigation has proven
to be an effective methodology for examining both the development and destruction of
military drones made from CFRP when exposed to laser radiation.

Historical research reveals that the rise of CFRP as a dominant material in military
drone construction was driven by a convergence of strategic doctrines, material science
innovations, and increasing operational demands for stealth, endurance, and agility,
particularly from the late Cold War era onward. The adoption of CFRP was not merely
a technical preference but a strategic decision influenced by military needs for radar-
evading platforms and reduced weight without compromising structural integrity.

The parallel development of high-energy laser systems was driven by the
limitations of conventional kinetic weapons in countering modern drones. Lasers
emerged as a precise and cost-effective solution to the challenges posed by fast,
maneuverable, and low-observable UAVs constructed from composite materials.

Laboratory tests was funded by the National Research Foundation of Ukraine
under the project No. 2023.04/0166, demonstrated that CFRP is vulnerable to laser
radiation under specific power levels, durations, and beam profiles. These results
establish critical thresholds for structural degradation and confirm that CFRP drones
can be neutralized effectively with well-calibrated laser systems.
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Anomauia. L{s cmamms npedcmasnie MidcOUCYuniinapue O00CHI0NHCEeHHs, sSIKe
NOEOHYE [CMOPUYHULL AHANI3 MA eKCHePUMEHMANbHI O0CNIONCEHHS OJIsl BUBYUEHHS
8PA3IUBOCMI BIICLKOBUX OPOHIB, BUCOMOBIEHUX 3 NOJIIMEDPY, APMOBAHO20 8)2NeYeBUM
B0JIOKHOM, 00 PYUHYBAHHA NA3EPHUM SUNPOMIHIO8aHHAM. Poboma cmpyxmyposana
HABKONIO 080X B83AEMONOB'SI3aHUX obaacmelu: ICMOPUYHOI e8ooYll 8UKOPUCMAHHS
noJimepy, apmMo8aHo2o 8y2ieyesumM B0J0KHOM, ¥ OYOIGHUYMBI BillICbKOBUX OPOHIE mda
napaneibHo20 po36UMKY BUCOKOEHEPLEMUYHUX NA3EPHUX CUCMEM AK 6UCOKOMOYHUX
KOHmMpP3axo0ie. B icmopuunomy po30ini npocmedcyemvcs mpaekmopis pOo36UMKY
KOMNO3Umie 3 8yeneyeso20 B0JIOKHA 6I0 iX NOYAmMKO8020 3ACMOCY8AHHA 8
aepoKocmiuHili. ma 000poHHIU npomuciogocmi Hanpuxinyi 20 cmonaimms 00 ix
WUPOKO20 BNPOBAONCEHHS Y GIICbKOBUX OE3NIIOMHUX JIMANbHUX anapamax, wo 0yno
3YMOB1eHO NOmpebo0 8 Ne2KUX, MIYHUX ma padiolOKAYIUHO-I30H0I0HUX MAMEPIAlax.
Ocobausa yeaza npuoinsiemsvcs 2eoNOiMUYHUM, MeXHOJI02IYHUM Mma CMpameiuHum
Gdaxkmopam, AKi GNAUHYIU HA 3POCMAIOUY 3ANEJHCHICMb 80 Noaimepy, apMOBaAHO20
gyaneyesumM GOJOKHOM, O/ NIOBUWEHHS NPOOYVKMUBHOCMI OPOHIE 3 MOYKU 30p)
0anbHOCMI NOJLOMY, KOPUCHO20 HABAHMAMNCEHHS ma odscugyyocmi. llapanenvHo y
cmammi po32ensaoaemucs nossa 30poi CnpAMOBaHoi eHepeii, 30CepeddCcyrouucy Ha
JIA3epHUX —cucmemax, sAK 6i0noGi0b HA OOMEMCeHHs 36UYAUHUX KIHeMUYHUX
KOHMP3axo0ieé y Heumpanizayii wWeuoKux, Mamx ma MAalonoMimHux OpoHie. YV
O0CNIONCEHH] OKPEeCIIOEMbCA, AK 3pOoCcmaroya cmypOo8aHicms BiliCbKOBUX U000
POUOBUX amax ma MAlONOMIMHUX 6e3niIOMHUX NiMAalbHUX anapamisé NpuckKopuid
iHgecmuyii 6 Ja3epHi cucmemu NPOMUNOBIMPAHOI 00OPOHU, 30aMHI 8paicamu
NOBIMPAHI Yl 3 BUCOKOIO MOYHICMIO MA HUSLKUMU eKCHLYAMAYIUHUMU 8UMPAMAMU.
ExcnepumenmanbHuii KOMROHEHM 00CNIONCYE MEXAHIZMU JIA3EPHO20 NOULKOOIHCEHHS 8
NOJIIMEPHUX Mamepianax, apMOBAHUX BY2NeYeBUM B0JOKHOM, 3d OO0HOMO20I0
KOHMPOIbOBAHUX N1AOOPAMOPHUX 8UNPOOYBAHb, NI0 HAC AKUX 3PA3KU NIOO0AOMbCA
BNIUGY JIA3EPHO2O GUNPOMIHIO6AHHS PI3HOI IHMEHCUBHOCMI ma MpPUBAIOCHI.
Pezynomamu ananizyromecs 015 6USHAYEHHS eHep2emUYHUX NOPO2i8 ma YMO8 6NIUSY,
Wo npuseo0simsv 00 ehekmusHo20 pyuHysanns mamepiany. Cunmesyouu icmopuyHi
ma excnepumenmanvui Oawni, cmamms 3a0e3neuye 6ceOiuHe pPO3YMIHHA MO0, 5K
MUHYIUU 8UOIp Mamepianié chopmyeas CyuacHi 8pa3IUBOCMI 8 MeXHOI02ii OPOHI8 ma
SK CY4acCHI 1a3epHi cucmemuy cneyiaibHo adanmoeani 0Jis BUKOPUCTIAHHS YUX CIAOKUX
Micyv. lleil inmecpoganuii nioxio He Jnuwle YCY8A€ pPO3PU8 MIdNC ICMOPIE0 ma
NPUKIIAOHOIO HAYKOIO, dJle Ul CNpusie po3pooyi Oinbiu epeKmusHux ma 0OTpYHMOBAHUX
cmpamezii O0pomvOU 3 OPOHAMU 8 CYUACHUX A MAtIOYMHIX GIlICbKOBUX ONEpayisix.

Knrowuoei cnosa: Oe3ninomuuti JnimanbHUti anapam; cucmemu HpPOMuUoii
oesninomuum nimanvuux anapamam (C-UAS); nazepna 36pos; nonimep apmosanuil
gyaneyesum 8010KHOM; 0eCmpYKYis
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History of the all-welded Evgeny Paton Bridge

Abstract. This article explores the history of science and technology through the
lens of the design, fabrication, and long-term operational experience of the Evgeny
Paton Bridge in Kyiv, the world’s first all-welded highway bridge. Completed in 1953
and named after prominent welding pioneer Academician Evgeny Paton, the bridge
represented a milestone in civil engineering and Soviet technological ambition during
the postwar reconstruction era. The study examines the scientific and technical
foundations that enabled the transition from riveted to welded structures, highlighting
advances in metallurgy, structural analysis, and welding technology developed. It also
considers the bridge's fabrication process, which involved large-scale application of
automatic submerged arc welding and innovative solutions to challenges related to
joint integrity, fatigue resistance, and thermal stresses. Drawing on archival materials,
technical publications, and historical records, the article situates the bridge within
broader political, institutional, and economic contexts, analyzing its role as both a
functional infrastructure project and a symbol of Soviet scientific progress. The
operational history of the bridge over more than seven decades is reviewed,
emphasizing its structural resilience, maintenance practices, and the lessons learned
that influenced later bridge engineering within the USSR and globally. It reflects on
the interplay between scientific experimentation and practical engineering solutions,
demonstrating how theoretical research was actively tested and validated through
real-world implementation. The bridge’s continued use into the 21st century provides
a living laboratory for studying the long-term behavior of welded steel structures under
dynamic loading and environmental stressors. In doing so, the article underscores the
enduring relevance of historical technological achievements for current infrastructure
policy, materials science, and engineering education. The Paton Bridge thus serves as
a compelling case study in the evolution of large-scale welded construction and the
ways in which technological innovation is embedded in broader historical narratives.

Keywords: history of bridge construction; history of metal bridges; welding
history; Evgeny Paton Kyiv Bridge,; engineering solutions, problems of maintenance
and restoration
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Introduction.

Bridges are one of the most important elements of road infrastructure and one of
the oldest inventions of mankind. As a rule, bridges consist of spans and piers. The
spans are used to take loads and transfer them to the piers; they may contain a roadway,
crosswalk, pipeline and so on. The piers transfer loads from the spans to the bridge
foundation. Based on the purpose of bridges, it is logical to conclude that bridge
structures operate under the most severe operating conditions. Therefore, the use of
advanced technologies, including welding, determines the reliability and safety of the
structure.

The first real metal bridge was built in the central industrial region of England, in
the county of Shropshire across the river Severn (Sedmak, Kovi¢, & Kirin, 2022).

At first, welding in bridge construction was not as resounding a success as in other
industries (Strelko, 2023). The main doubts were caused by the reliability and
serviceability of welded assemblies. The main arguments against the use of welding
were based on the phenomenon of weld fatigue due to insufficient toughness of the
welded material. Therefore, welding was iitially used only in repair and restoration
operations.

The transition from riveted joints to welded steel bridge structures has
dramatically changed the practice of bridge construction. Welding in bridge
construction started to be used as early as in the 30s. Its introduction was very cautious,
and at the first stage it was supposed to make welded only factory departure blocks,
and the assembly was to be carried out on rivets. This is how combined bridge
structures appeared - welded with riveted assembly joints.

One of the most famous welded bridges is the Kyiv Evgeny Paton Bridge. It is
one of the bridges over the Dnipro River in the capital of Ukraine in the city of Kyiv.
The bridge is named in honor of academician Eugene Oskarovich Paton, who was its
author of the idea, initiator of development and chief designer. When designing the
bridge, E. O. Paton for the first time proposed to use modern technology — electric
welding instead of riveted joints in the installation of the main girder purlins. The
engineer's innovation had not been tested anywhere before, and therefore caused
resentment of his colleagues and displeasure of his superiors. However, the scientist
still managed to get his idea for electric welding applied.

Researching the design and construction of the all-welded Evgeny Paton Bridge
in Kyiv from the perspective of the history of science and technology requires posing
a series of critical and interrelated questions that explore both the technical and socio-
political dimensions of this landmark engineering achievement. First, it is essential to
ask: what were the specific scientific and engineering innovations that made the
construction of the world’s first all-welded bridge possible, and how did these reflect
the state of materials science, structural mechanics, and welding technology in the
Soviet Union during the mid-20th century? Closely related is the question of how the
bridge's design process integrated contemporary knowledge about fatigue resistance,
thermal effects, and stress distribution in welded joints, and to what extent this
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knowledge was based on theoretical research versus empirical experimentation.
Another important question involves the institutional and political context: how did the
broader goals of Soviet industrialization, scientific advancement, and ideological
emphasis on technological leadership shape the decision to build an all-welded bridge,
and what role did government agencies, academic institutions, and key figures like
Evgeny Paton play in promoting and legitimizing the project? Furthermore, it is
necessary to ask how the bridge’s construction methods and materials were selected,
tested, and scaled, and what logistical and technological challenges had to be overcome
in the absence of extensive precedent. The role of labor and expertise also warrants
attention: what kinds of training, skillsets, and organizational systems were required to
implement large-scale industrial welding on a civil engineering project of this
magnitude, and how was knowledge shared or developed on site? Finally, a critical
historical inquiry should examine how the Evgeny Paton Bridge influenced subsequent
developments in bridge engineering, both within the Soviet Union and internationally,
and how it was represented in media, scientific discourse, and public narratives as a
symbol of modernity, national pride, and technological innovation.
Getting answers to the above questions was the purpose of this article.

Research Methodology.

Researching the design and construction of all-welded bridges is of profound
importance from the perspective of studying the history of science and technology, as
it illuminates a transformative moment in engineering practice that reflects broader
industrial, technological, and societal shifts throughout the 20th century. The
emergence of all-welded bridge construction signified not merely a change in
technique but a paradigm shift in structural engineering philosophy, influenced by the
interplay of scientific discovery, wartime necessity, industrial capabilities, and
evolving transportation demands. Unlike riveted bridges, which relied on thousands of
mechanically fastened joints, all-welded bridges introduced the concept of seamless
load transfer, enabled by the science of metallurgy and the practical mastery of welding
technologies. This innovation reduced material use, lowered dead loads, and simplified
fabrication processes — yet it also posed new challenges, especially in understanding
the fatigue behavior of welds, the properties of heat-affected zones, and the need for
precise control during construction. The decision to transition toward all-welded
structures was not made in isolation; it was grounded in advances in welding science —
particularly arc welding — and a growing body of empirical research supported by
academic institutions, government bodies, and engineering firms. For historians of
science and technology, tracing this evolution provides insights into how scientific
principles were translated into real-world applications, reshaping the built environment
in ways that remain consequential today.

Studying the development of all-welded bridges also offers a window into the
socio-economic and political contexts that drive technological innovation. For
example, during and after World War II, the urgent demand for rapid infrastructure
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development, combined with labor shortages and material constraints, encouraged the
adoption of more efficient, mechanized fabrication methods, among which welding
was paramount. Welding technology, initially developed and refined for shipbuilding
and armament production, found new peacetime applications in civil engineering —
most notably in bridge construction. Furthermore, this transition required engineers to
challenge and rethink traditional design norms, leading to the creation of new
calculation methods, stress analysis models, and safety factors specifically tailored to
welded structures. Such advancements highlight the dynamic interplay between
theoretical knowledge and practical engineering, a core focus within the history of
technology.

In addition, research into the design of all-welded bridges reveals how
professional institutions, codes, and standards evolved in response to both successes
and failures. Notable bridge collapses or structural issues due to fatigue cracking in
welded joints during the mid-20th century served as catalysts for intensive
investigation into fracture mechanics and material fatigue — topics that were still
emerging in the scientific discourse. These incidents led to more conservative design
approaches, rigorous inspection protocols, and international collaboration on welding
standards, such as those developed by the American Welding Society or the
International Institute of Welding. Historians of science and technology can explore
how such feedback loops between practice and regulation influenced the broader
discipline of structural engineering, shifting it from an empirical art to a more
scientifically grounded profession. This evolution also demonstrates the role of failure
as a driver of scientific advancement, illustrating how knowledge systems are shaped
by real-world testing and recalibration.

Moreover, the study of all-welded bridges highlights the globalization of
engineering knowledge. As countries rebuilt after World War Il and entered periods of
rapid modernization, the techniques and philosophies behind all-welded bridge
construction spread across continents. Engineers from different cultural and
educational backgrounds began to collaborate, sharing insights through international
journals, conferences, and technical exchanges. In this sense, all-welded bridge
construction serves as an example of "technological diffusion" — a process by which
innovations are transmitted, adapted, and localized across borders. This phenomenon
provides rich material for historians interested in how technologies travel and
transform, influenced by regional needs, material availability, labor practices, and
climate conditions. For instance, the adaptation of welding techniques for tropical
climates or seismically active regions required modifications to design practices,
welding materials, and inspection protocols, which in turn stimulated new research and
innovation.

Furthermore, exploring the history of all-welded bridges underscores the
intersection of human skill, machine capability, and scientific knowledge. Welding,
unlike purely mechanized processes, remains a craft that demands precision, training,
and tacit knowledge — especially when performed in challenging environments such as
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over rivers, in high winds, or on large-scale structures. The role of the welder, often
overlooked in historical narratives, becomes central in this context. Oral histories, trade
manuals, and training programs from the mid-20th century offer rich primary sources
that reveal how this expertise was cultivated, transmitted, and institutionalized. From
the perspective of science and technology studies, such research emphasizes the
importance of human agency and the embodied knowledge that underpins even the
most “technologically advanced” systems. It challenges deterministic views of
technological progress by showing how real-world implementation depends on a blend
of theoretical understanding and skilled labor.

Results and Discussion.

Idea. Justification. Scientific Research Underlying the Development.

In 1929, E. O. Paton decided to use welding instead of riveting in bridge
construction. He shares his impression of the first time he saw the work of a welder:
"The external simplicity of welding, the ease and ease with which the holder was
operated by a young worker on the bridge, gave me an idea of welding as something
very uncomplicated... It often happens like this: as long as a person is a novice in
something new to him, as long as he looks only from the outside, everything seems
clear, accessible and simple to him. So it was with me" (Paton, 1956, p. 103).

Single attempts in building welded bridges had so far failed (Poznyakov, Dyadin,
Davydov, & Dmytrienko, 2021). That fact was first of all associated with a sharp drop
in the load-carrying capacity of welded joints during manufacture of large-sized metal
structures. The main cause for such a drop was a simple replacement of riveted joints
on welded ones without taking into account the stressed state of welded elements and
imperfection of welding technologies developed at the time, which led to crack
formation both during manufacture (shop and site welding), as well as during operation
of welded structures. Brittle fractures of welded structures in the 1940s began to bear
a mass character, the majority of which had a number of features:

- fracture nuclei were usually located at the places of welded joints;

- fracturing occurred at very low operating loads and relatively high temperatures;

- a number of partial fractures of welded structures significantly increased.

As early as in the 30's by the works of E. O. Paton and B. N. Gorbunov in the
E. O. Paton ElectricWelding Institute of the Academy of Sciences of the UkrSSR
(PEWI) proved that it is most rational to use butt welded joints for structures operated
under static and vibration loads, as they provide minimum stress concentration
(Paton & Gorbunov, 1933). However, these conclusions of scientists were not used by
designers for a long time due to the ingrained design methods of riveted structures.

The quality of welded bridge spans was low, and the steel itself had a high
threshold of cold resistance. There were many deficiencies in the truss design, the main
one being overlapped or overlapped joints. This resulted in a large accumulation of
flank and lob joints in some places of the trusses, which caused high residual stresses
from welding, contributing, in combination with the poor quality of welding and the
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selected steel, to the formation of cracks in the truss elements during installation and
operation. This led a number of specialists and generally design organizations to
strongly oppose the use of welding in railway and road bridges. As a result, on the eve
of the World War II the rate of welded bridge construction in the USSR sharply
decreased. During 10 years (1931-1942) only 28 welded spans weighing about
1,500 tons were built in the USSR.

However, welded bridge construction also had ardent supporters. First of all,
E. O. Paton belongs to them. Foreseeing a great future for welded bridges, he continued
with unflagging energy to study the problems of welded bridge construction.
Researchers paid much attention to the study of the operation of combined rivet-welded
joints as applied to bridge truss assemblies, longitudinal and transverse roadway girders
with bond attachments. At the PEWI, E. O. Paton and V. V. Shevernytskyi (Paton &
Shevernytskyi, 1948a; 1948b) have established the locations of destructive forces in
the combined connection, in the connection with rivets, and also in the connection with
welded seams. The properties of “welding steel” melted in puddling furnaces and used
in old bridges were studied for this problem. Due to the lack of ductility of this steel
and delamination, brittle fractures often occurred (Paton & Shevernytskyi, 1949).

Large experimental works on comparing the serviceability of welded and riveted
trusses were carried out by E. O. Paton and B. N. Gorbunov (Paton & Gorbunov, 1935;
Paton, Gorbunov, & Bershtein, 1937; Gorbunov, 1941). In tests of riveted and welded
trusses with a span of 12 m, loosening of rivets was observed after 30 thousand loads,
failure of welded and riveted trusses - after 230-250 thousand loads.

In 1940, when considering the construction project of a new road bridge over the
Dnipro River in Kyiv, E. O.Paton proposed to apply the method of automatic
submerged-arc welding for the manufacture of its elements. The Kyiv highway bridge
was to be the first bridge in the world welded by automatic welding machines. Since it
was very difficult to ensure the proper quality of seams at the construction site at that
time, it was decided that all welding work should be done at the Babushkin
Dnepropetrovsk Metal Construction Plant, and the assembly joints should be riveted.
Within a month the design bureau of the PEWI developed a project and working
drawings of the welding bench and chain turner to it. By the beginning of the war a
considerable part of the structures was manufactured by the plant, two spans were
delivered to Kyiv and one of them was assembled, seven spans remained at the plant.
This metal was used in 1944 in the restoration of the Dnepropetrovsk bridge over the
Dnipro River.

The question of construction of motor-road bridge in Kyiv across the Dnipro river
was raised before the World War Il (Lobanov & Kyrian, 2013). By that time the
technical project of the bridge with driving atop and split through main truss girders,
covering the spans of 58 m length (in the floodplain part) and 87 m (in the navigable
one) was drawn up and approved. As in that period at the PEWI the method of
automatic submerged arc welding was developed allowing the producing of high-
quality welds, E. O. Paton proposed to manufacture spans of the bridge using welding.
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And then, the opponents of application of welding in bridge construction raised their
swelled heads over (Glavmostostroy, Leningrad Research Institute of Bridges,
Glavstalkonstruktsiya, Ministry of Railways). At the meeting they stood up for the
technology of riveting of bridges widely used by that time, and in support of that they
presented the pictures from the foreign journals with fractured spans, in building of
which the welding was applied. Evgeny Paton, basing on the results of the first
profound research works of welding process, as well as on his intuition, was firmly
convinced that the cause of the disasters abroad was not in the main principles of
welding process, but in its wrong primitive application. The designers used to leave the
design of bridges, accepted during riveting, unchanged, i.e. they did not consider the
peculiarities of the process of joining the elements using welding. Besides, the steel
applied for riveting turned to be quite unsuitable for welding, and quality of welds in
use of manual welding at that time was disastrously low. After Evgeny Paton had
briefly stated the principles of construction of the welded bridge in Kyiv across the
Dnipro river, including the selection of steel suitable for welding, the application of
automatic submerged arc welding and strict control of quality of welded joints,
N. S. Khrushchev (Figure 1), the Secretary of the Central Committee, resumed: «We
will weld the bridge. I mean weld! Failures of other countries shall not discourage usy.
In 1999, Khrushchev's four-volume book “Time, People, Power” was published
a complete transcript of tape recordings made by the disgraced leader of the CPSU. In
a separate essay, Khrushchev touched on the circumstances of his first meeting with
Yevgeny OskarovichPaton (Khrushchev, 1999, pp. 451-453). It was around 1940:
"...lonce received a phone call from the Ukrainian academician Paton.
1 had heard of him before, but had never met him. I was informed that he was
a very interesting person, a major machine builder who was interested in the
problem of welded bridge construction. He asked to see me, and I took him
in. A dense man, already in his old age, gray-haired, stocky, with a lion's
face and prickly eyes, entered the office. When he said hello, he immediately
took a piece of metal out of his pocket and put it on the table: "Here, look,
Comrade Khrushchev, what our institute can do. This is strip iron (10-
millimeter thick, I think), and [ weld it like this." I looked at the welding.
Since I am a metalworker myself, I had to meet with welding. Here was just
a perfect seam, outwardly smooth, like a cast. He says, “That's submerged
arc welding.” I heard the word “flux” for the first time then. Paton had other
inventions. He told me about the possibilities of submerged-arc welding, its
benefits, how it facilitates labor, increases its productivity and the quality of
welded works in general, especially their reliability. He was absorbed by the
idea of welding all iron structures made of ferrous metal — bridges, rafters
for flooring of buildings, etc. and proved that it was more profitable to weld
them instead of riveting them, he drew such a picture before me that soon he
would produce automatic machines with which we would weld ships. His
eyes literally burned, and his words were so confident that he made others
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believe in his idea. He was good at showing his achievements to people who
were not specialists, and he was able to convince them of the correctness of
his arguments. I was literally fascinated by meeting and talking with Paton,
his progressive, revolutionary technical ideas. Now I can say that Evgeny
Oskarovich —is the father of industrial welding in the USSR".

Figure 1.E. O. Paton and N. S. Khrushchev: a business discussion (Lobanov, 2020).

A series of studies were conducted to find suitable steel and welding materials, to
work out welding modes and other important details, which were closely monitored by
Glavmostostroy, the Leningrad Research Institute of Bridges, Glavstalkonstruktsiya,
and the Ministry of Railways. The problem was aggravated by the fact that on
January 31, 1951, the welded span of the Duplessis bridge built in 1948 collapsed in
Canada (Strelko, 2023).

In 1948-1949, Voloshkevich G.Z. found during testing of technology of
submerged arc welding with forced formation of vertical weld that the electrode wire
is melted at arcless discharge in the fused flux, i.e. in slag pool (Lyutyi, 2015). The new
type of welding appeared — electroslag welding (ESW), based on electric conductivity
of the molten slag. The problems of providing the stability of electroslag process and
also designing of devices for maintaining of metal and slag pools, etc. were solved.

The obtained results allowed E. O. Paton to raise the question about construction
of allwelded bridge in Kyiv across the Dnipro river, applying automatic welding not only
under shop conditions but also in site (Lobanov & Kyrian, 2013). The proposal of Paton,
supported by the Government of the USSR, was accepted, and the technical project, and
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later the working projects were amended correspondingly, considering the results of the
recent investigations of the PEWI and also modernized design changes in accordance
with the Resolution of the Council of Ministers of the USSR of May 17, 1948 of the
project assignment which related to the following points:

- truss girders of the bridge shall be welded with a solid wall of not higher than

3.6m;

- existing type of supports shall be preserved along the whole length with girth

rails on columns;

- in the navigable spans the truss girders shall be applied with the solid haunches.

In 1946—1951 Evgeny Paton, the acknowledged leader in the field of welding and
bridge construction, united and organized the joint work of bridge designers and staft
members of the PEWI. They carried out a large complex of research and designing works
to develop further the major principles of designing of welded bridges, made by
E. O. Paton as early as 1933 (Paton, 1933). As a result of this large work (Lobanov,
Kyrian, & Shumitsky, 2003):

- the new design of the bridge was made. Instead of the lattice principal girders of
a high height, designed before the war, four solid-wall continuous girders with chords of
thin-sheet metal and economic thin wall were designed. Their height was in the limits of
railway dimensions for feasibility of fabrication and transportation by large blocks. To
provide a local stability of the wall, a system of horizontal stiffeners, included into
composition of section of principal beams, adaptable to manufacture and welding, was
used. This allowed designers to reach a record thickness of walls of principal beams
1/250, at a minimum consumption of steel which is concentrated in chords. The latter
were reinforced with second sheets under supports and in the middle of spans in
accordance with bending moments. Principal beams over the bridge supports were
reinforced from beneath by blocks in the form of support reinforcement;

- special grade of low-carbon steel «MSt3 for welded bridges», low-sensitive to the
thermodeformational cycle of welding, was developed. It was produced by control of the
chemical composition (< 0.20 % C; 0.12-0.25 % Si; 0.36-0.60 % Mn; < 0.05 % S;
<.045 % P) (by the way, other papers list a different grade of steel, namely M16C
(Poznyakov, Dyadin, Davydov, & Dmytrienko, 2021). Silicon and aluminium were used
as deoxidizers, and the set thermal condition of rolling provided a fine-grain structure.
Some experimental welded spans of railway bridges were fabricated from this steel;

- improved grades of electrode wires (manganese grade A, Sv-10GA) and fluxes
(AN-348, AN-348A, OSTs-45) were developed and tested under the industrial
conditions;

- equipment was updated and simplified for automatic and mechanized welding of
structures in shop conditions, providing stability of the preset welding condition under
the industrial conditions and accuracy of electrode direction along the weld (welding
tractor TS-17-M, semi-automatic machine PSh-5, holder DSh-27);

- new methods and equipment for automatic welding of vertical butt welds with
their forced formation were developed for erection of spans;
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- technology of shop and site welding was developed;

- design solutions of welded connections of spans and sequence of their welding
were determined using criterion of assurance of preset level of strength and ductility of
welded joints. These characteristics were determined from the results of testing large-
sized specimens of real defect-free welded joints at minimum temperature of service (in
the given case -40 °C) with a record of tension diagram. It was assumed that the
satisfactory operation of welded joint under the service conditions will be guaranteed if
the rupture stresses sr reach the level of ultimate strength o (6 = o), which is not lower
than that of the parent metal. Another important requirement was the development of a
high plastic deformation (c; > oy) before the specimen rupture;

- the metal susceptibility to strain ageing and transition to brittle state was evaluated
on specific largesized specimens with a natural stress raiser in the zone of welding
(narrow slot in a longitudinal composite stiffener, welded up to the plate using fillet
welds).

By the beginning of the 1950s, the comprehensive experimental information on
the problem of cracking in welds was collected (Lyutyi, 2015). Studied were physical-
chemical properties of molten fluxes and slags at high temperatures (viscosity, electric
conductivity, surface properties, thermodynamic activity of oxides). The important
process is the interaction of molten slag with solidified weld metal. As a result of
investigations of weldability of the low-alloy steel, carried out under the supervision
of E. O. Paton, it was found that the increase in steel tendency to transition into a brittle
state in the process of welding thermal cycle depends on chemical composition, method
of steel deoxidation in melting and grain size. The lowcarbon steel, killed by silicon
and aluminium and rolled at optimum temperature, possesses the lowest threshold of
cold brittleness in the heataffected zone (Paton & Shevernytskyi, 1948a; 1948b). As to
the weld metal, then to avoid the cracks it is necessary that the amount of impurities,
contributing to crack formation, did not exceed the definite value and were distributed
uniformly in the rolled metal section. The main result of these investigations was the
working out of requirements to steels for welded structures. E. O. Paton had a meeting
with I. F. Tevosyan, Ministrer of Ferrous Metallurgy, and asked him to assist in making
experimental samples of steels according to the technical specifications of the Institute.
The request was immediately satisfied and steel, melted in Mariupol (Ukraine),
possessed a good weldability at the absence of defects. Metallurgists had to support the
point of view of E. O. Paton, such as «in steel production it is necessary to take into
account the requirements of welders» (and ten years later the technologies of
production of metals and alloys were developed at — PEWI and implemented by
metallurgists in many countries).

These and other developments served as scientific grounds for designing,
fabrication and construction of the first large all-welded bridge in Europe.
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“Team” —the Scientists Who Realized These Ideas.

Everyone has heard the phrase “human resources decide everything”, which has
become old but has not lost its sacredness. The phrase has been used by leaders of
different scales, from CEOs to heads of countries, but in any case, the meaning has
always remained the same: the success of any enterprise depends on the efficiency of
its employees. According to some historians (Kolodiazhnyi, 2014; Strelko &
Pylypchuk, 2021), the phrase belongs to Klavdiy Semenovich Nemeshaev, the head of
the South-Western Railway, and later the Minister of Railways in the cabinet of Count
Witte. This phrase has not lost its relevance even today.

As in many other important, large and responsible projects, “personnel decided
everything” and at different stages of research, design, construction and assembly of
the Kyiv Evgeny Paton Bridge.

The general design of the Evgeny Paton Bridge structure was developed by the
Kyiv Special Design Bureau (SDB No. 3) of the Promstalkonstruktsiya trust (now the
Limited Liability Company “V.N.Shimanovsky Ukrainian Institute of Steel
Structures” (V. N. Shimanovsky Ukrinstalkon LLC) with the participation of engineers
A. Shumitsky, V. Kirienko, and I. Marakin (Shymanovskyi, Kotlubei, & Shalinskyzi,
2019). A group of engineers from the Institute of Electrical Welding of the Academy
of Sciences of the Ukrainian SSR consisting of V. Trufyakov, V. Shevernitsky,
V. Novikov, G. Zhemchuzhnikov, and S. Ostrovskaya took part in the development of
the bridge project under the general supervision of E. O. Paton.

Design of the Bridge. Construction.

The shop fabrication of metal structures of bridge of a total mass of about 10,000 t
was realized since December 1951 to April 1952, and the site works were made since
April 1952 to October 1953 (Lobanov, Kyrian, & Shumitsky, 2003). The total length
of the bridge is 1,543 m. It has 24 spans, 20 by 58 m, and four fairway arches of 87 m
(Figure 2a). In transverse section the span has four principal Ibeams with a solid wall,
located at 7.6 m distance from each other (Figure 2b). They are joined by transverse
braces. Longitudinal braces are availableonly in the lower chord between middle
principal beams along the entire length of the bridge. Over the supports the longitudinal
braces were mounted between all four principal beams. Upper chords are joined by
transverse rolled braces to a reinforced plate of the bridge road, operating with them
for bending. The total width of the bridge is 27 m (roadway is 21 m and two pedestrian
ways by 3 m). There are two tram lines in the middle of the roadway.
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Figure 2. General scheme (a) and cross section (b) of the Evgeny Paton Bridge
across the Dnipro river in Kyiv: 1 - left-bank area (two continuous four-span
stiffening beams); 2 - middle area (the same, one six-span girder); 3 - right-bank area
(the same, two six-span girders); 4 - reinforced-concrete plate of passageway;

5 - transverse braces between principal beams; 6 - principal welded I-beam with a
solid wall; 7 - transverse rolled I-beam (Lobanov, Kyrian, & Shumitsky, 2003).

Due to earlier existing fractures of welded spans, the great attention was paid to
the quality of welds, except using such design solutions of welded joints, which mostly
satisfied the above-mentioned requirements for strength (Lobanov, Kyrian, &
Shumitsky, 2003). Therefore, designing was based on the principle of maximum use of
automatic and mechanized submerged arc welding in shop and site conditions. For this
purpose, the principal beams were designed in the form of a I-beam with a solid wall
having long longitudinal welds. Vertical stiffeners were replaced mainly by horizontal
stiffeners. At the plant the erection elements of principal beams were manufactured in
large blocks. Their length was 27-29 m and mass of about 38 t. In addition, a special
design of a site butt with inserts for a vertical wall was developed that made it feasible
to weld the lower chord butts by the automatic machine using run-out tabs, then their
cutting and flush machining with a lower chord sheet. Butts of the vertical wall insert
were designed for the automatic welding with a forced weld formation. Welding of
butts with inserts of the upper chord was also provided by the automatic machines
using run-out tabs, their subsequent cutting and flush machining with a chord. All this
allowed 93 % of shop and 88 % of site welds of principal beams to be made by the
automatic and mechanized submerged arc welding, that guaranteed their high quality.

The total length of the bridge is 1542.2 m, it consists of 24 spans (Poznyakov,
Dyadin, Davydov, & Dmytrienko, 2021). The construction of the bridge began from
the left bank of the Dnipro River. The right-bank part of the bridge consists of ten
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spans, which are overlapped by two all-welded fivespan continuous structures —
(5%58) + (5%58) m. The middle part of the bridge over the navigable region of the river
has six spans, which are overlapped by continuous all-welded structures —
58 +4x87 + 58 (m). The left-bank part of the bridge has 8 spans of 58 m each and is
overlapped by two four-span continuous welded structures — (4x58) + (4x58) m. In the
cross-section, each structure has four main longitudinal beams of double-T section,
consisting of a vertical wall with 3600 mm height and 14 mm thickness and girths of
different thickness, varying from 30 to 80 mm, with a width of up to 1,000 mm
(Figure 3).The stability of the beam wall is additionally provided by vertical stiffeners
mounted with a step of 7.25 m. In six-span structures, the height of the wall above the
intermediate supports is increased to 6,200 mm due to built on haunches.

Figure 3. Cross-section of the truss of the main longitudinal beams of four- and five-
span structures of the Evgeny Paton Bridge (Poznyakov, Dyadin, Davydov, &
Dmytrienko, 2021).

In the process of bridge project development, a scientific school was established,
as well as a methodological basis for integrated structural and technological design. As
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a result, the strength and durability of structures, static and fatigue resistance of welded
joints, manufacturability of mechanized fabrication and welding, and large-block
assembly are ensured.

So Who Named the Bridge?

Nikita Khrushchev wrote in his memoirs. (Khrushchev, 1999,
pp. 467-469): "When Paton died, the construction of a new bridge over the
Dnipro River in Kyiv was being finalized. It was the biggest bridge in Kyiv.
It was all-welded. Paton pushed for it, and I supported him, that an all-
welded design be adopted. He was the technical supervisor for welding the
bridge. I came to Ukraine on some business at that time. The Ukrainians
were running around with the idea of naming this bridge after me. It
surprised me, especially because by that time we had already decided to
prohibit assigning to enterprises, institutions, collective farms, etc. the
names of Party and government leaders who were in good health. And even
a number of honorary names, which had been assigned earlier, we withdrew
by a special decision. As I jokingly said at the time, we deprived of all rights
and fortunes those people who had “hoarded” factories, plants and cities.
There was even an unhealthy competition whose name would be given to
more enterprises or collective farms. This is a wild thing! Under Lenin, 1
don't think this had ever happened before. Then sometimes the name of the
living Budyonny (as a hero of the Civil War) was assigned. The names of the
deceased were also assigned in memory of their good deeds they had done
for the Party, for the people. I asked the Ukrainians: "Why do you want to
assign my name to the bridge? This is a direct violation of the decision of the
Central Committee. I am against it, especially since I myself was the initiator
of such a decision. Don't you realize the position you are putting me in? |
ask you not to go anywhere with proposals of this nature. And why do you
have to search long and hard to find out who is more worthy of having his
name given to this building? Here's Academician Paton. Please, make just
such a proposal, and the government will approve it". So the bridge was
named after Paton. And now this bridge, as they say, is alive and well, and
people passing over it, remember its creator Academician Paton with a kind
word".

Thus, with a high degree of probability, we can say that it was Nikita Khrushchev
who gave the name of the Kyiv highway bridge (Evgeny Paton Bridge).

Manufacturing.

All metal structures were manufactured at the Babushkin Plant in Dnipropetrovs'k
(which was then the Molotov Plant), where a special workshop was set up for the
ongoing production of large blocks and assembly elements (Lobanov, 2014) (see
Figures 4).
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Figure 4. Large-block production of metal structures for the Evgeny Paton Bridge at
the plant in Dnipropetrovsk (Lobanov, 2014), where: (a) welding-on of stiffener using
semi-automatic machine PSh-5 with holder DSh-27; (b) process of welding of
longitudinal butts using tractor TS-17M in the tilter; (¢) welding-on of edges of
stiffeners; (d) Welding of girth welds of haunch in the rig (Lobanov, 2014).

The realization of construction of the bridge was entrusted to the Ministry of
Municipal Economy of the USSR, which organized the Special management of bridge
construction (Lobanov & Kyrian, 2013). The construction of Kyiv bridge across the
Dnipro river was carried out by the staff colleagues of Kyiv department of
«Proektstalkonstruktsia», plant of metal structures (Dnepropetrovsk), Bridge
Construction Group No. 2 of the Ministry of Railways, the PEWI and the Ministry of
Municipal Economy of the UkrSSR in close cooperation between each other.

The delivery of ready assembly elements of the bridge to Kyiv was performed by
railway transport (Figures 5).
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Figure 5. Transportation of metal structures of the Evgeny Paton Kyiv Bridge by rail
(Lobanov, 2014), where: (a) haunch loaded on the platform; (b) echelon with main
beams on the plant rails.

The workers of the Bridge Construction Group No. 2 trained and instructed by the
specialists of the PEWI, carried out the welding works all the year round. The
inspection, monitoring and acceptance of welding works were performed by the
inspection bodies, organized and governed by the PEWI (see Figure 6 and Figure 7).

Flgure 6. Constructlon of an all-welded bridge in Ky1V (Lobanov 2020)
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Figure 7. General view of welded site butt in the span (Lobanov & Kyrlan 2013).

The bridge was inspected by the laboratory of the Moscow Road Transport
Institute both during the process of construction as well as after its completion
(Lobanov & Kyrian, 2013). In conclusion the bridge was tested on static and dynamic
loading (Figure 8). The tests gave the positive results.

Figure 8. esting of the bridge (Lobanov & Kyrian, 2013).

Exploitation.
Many years of operation of welded bridges indeed confirm the reliability of their

construction, provided that proper design principles, high-quality materials, and
regular maintenance practices are observed. Since the mid-20th century, welded bridge
structures have been widely used around the world due to their structural efficiency,
reduced weight compared to riveted alternatives, and the potential for more continuous
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load paths. Over the decades, numerous welded bridges have demonstrated excellent
durability and performance under various environmental and operational conditions.
Their successful long-term service has contributed significantly to the advancement of
welding standards and structural design codes, particularly in addressing issues such
as fatigue, stress concentration, and the integrity of welded joints. While early concerns
about the fatigue behavior of welds, especially in the heat-affected zones, led to
cautious implementation, field experience and continuous monitoring have allowed
engineers to refine welding techniques and improve detailing to reduce crack initiation
risks. The accumulation of data from bridge inspections and load testing over time has
shown that welded constructions, when properly executed, can maintain their structural
integrity for many decades without significant degradation. As a result, the extended
service life of numerous welded bridges around the world stands as practical evidence
of their reliability, validating welded construction as a robust and enduring solution for
modern infrastructure.

The Evgeny Paton Bridge across the Dnipro River in Kyiv was designed based on
the conditions that the designed traffic intensity should be 10 thou cars per day
(Poznyakov, Dyadin, Davydov, & Dmytrienko, 2021). During a long-term operation
of the bridge, the load on its load-carrying elements gradually increased, which is
associated both with an increase in the traffic intensity per day (currently it has
increased by almost 10 times — during «peak» hours — up to 85 thou per day), as well
as with an increase in car weight (Shymanovskyi, Kotlubei, & Shalinskyi, 2019). As a
result of laying pipes of the heat pipeline and increasing the thickness of the asphalt
concrete pavement, the constant loads on the bridge also increased. Taking that into
account, in 1994-1998 the transverse beams of the bridge, which are located near the
expansion joints, were reinforced, and additional stiffeners were mounted on some
regions of vertical walls of the main beam trusses. Until 2019, the main longitudinal
beams of the bridge were inspected only visually without the use of instrumental and
physical methods of testing, which did not allow obtaining more detailed information
on the actual technical condition of metal structures. Thus, according to the results of
inspection of the bridge, performed at the end of 2018 by the specialists of
LLC «V. M. Shimanovsky Ukrainian Institute of Steel Construction», it was pointed
out that on the walls of the main beams of the structure in the locations of expansion
welds, the formation of a layer of corrosion products was observed. Considering and
analyzing the results of investigations, V. M. Shimanovsky Ukrainian Institute of Steel
Construction came to the conclusion that the Evgeny Paton Bridge is in an emergrency
situation and urgently needs major repairs with a partial replacement of its structural
elements. This issue was repeatedly discussed at the meetings in the Kyiv City State
Administration and «Kyivavtodor», on the results of which a decision was made on the
reconstruction of the bridge and a need for a more detailed inspection of its structural
elements. In 2019, the works on evaluation of general technical condition of the bridge
were entrusted to LLC «V. M. Shimanovsky Ukrainian Institute of Steel Construction»
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with the involvement of specialists of the PEWI in terms of inspection of the main
longitudinal beams of the bridge.

For such age bridges as Evgeny Paton Bridge, general world practice shows the
following. Welded bridges that have served for many decades can benefit from a range
of improvements aimed at extending their service life, enhancing safety, and
optimizing performance under modern demands. One key area is the application of
advanced non-destructive testing techniques, such as ultrasonic phased array or
acoustic emission monitoring, which allow for early detection of fatigue cracks or
internal flaws without interrupting service. Retrofit measures, such as attaching
external reinforcement plates or fiber-reinforced polymer composites, can strengthen
critical joints or members that have experienced stress accumulation. In cases where
fatigue is a concern, techniques like toe grinding, TIG dressing, or ultrasonic impact
treatment can significantly improve the fatigue resistance of welded connections by
reducing stress concentrations and residual tensile stresses. Protective coatings and
corrosion-resistant materials — such as weathering steel or metallization — can be
applied or upgraded to enhance durability in harsh environments. Additionally,
structural health monitoring systems equipped with sensors can provide real-time data
on stress, strain, and environmental conditions, enabling predictive maintenance and
reducing the risk of unexpected failures. Where traffic loads have increased beyond
original design parameters, load distribution systems or even partial structural
replacements with modern materials (like high-performance steel) may be introduced
to improve capacity. Altogether, these improvements not only preserve the
functionality of aging welded bridges but also adapt them to current and future
performance standards.

Conclusions.

The importance of this research also lies in its relevance to sustainability and the
lifecycle analysis of infrastructure. Many of the welded bridges built in the 1950s and
60s are still in operation today, and their performance over time provides a critical data
set for evaluating the long-term behavior of welded joints, corrosion protection
systems, and structural details. This historical performance informs modern approaches
to asset management, retrofitting, and life-extension strategies. Understanding the
successes and shortcomings of early welded bridge designs allows engineers and
policymakers to make more informed decisions about maintaining or replacing aging
infrastructure. From a historiographical perspective, this ties into broader questions
about how past technological decisions continue to influence present and future
possibilities — highlighting the path-dependent nature of technological development.

Finally, studying the history of all-welded bridges also provides a lens through
which to examine broader themes such as industrial modernization, state-led
infrastructure development, and the cultural meanings of technological progress.
Bridges have long held symbolic power as markers of national pride, engineering
prowess, and human ingenuity. The decision to use welding — a cutting-edge
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technology at the time — was often tied to narratives of progress and modernity,
especially in nations seeking to assert their technological sophistication. As such, the
story of all-welded bridge construction is not just a technical narrative but a cultural
and political one. It intersects with themes of postwar reconstruction, economic
development, labor relations, and even Cold War competition in technological display.
For historians of science and technology, this intersectionality enriches our
understanding of how engineering projects reflect and shape the societies in which they
are embedded.

In conclusion, researching the design and construction of all-welded bridges
offers valuable insights into the co-evolution of science, technology, and society. It
reveals how scientific knowledge — particularly in metallurgy, structural analysis, and
material fatigue — was mobilized to solve practical problems, leading to innovations
that reshaped civil infrastructure. It highlights the roles of individual expertise,
institutional support, and regulatory frameworks in shaping technological change. And
it demonstrates how engineering is not merely a technical endeavor, but a deeply
historical and cultural one, embedded within broader narratives of progress,
modernization, and global exchange. By examining the history of all-welded bridges,
we not only gain a better understanding of an important chapter in structural
engineering but also enrich our comprehension of how science and technology operate
as dynamic, interconnected forces within human history.
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Ouser Crpenxko
Jlep>kaBHUI YHIBEpPCUTET IHPPACTPYKTYpHU Ta TEXHOJIOTIH, YKpaiHa

IcTopis cyniibHO3BapHOro Mmocty iMmeHi €Brena IlaTona

Anomauia. YV yiti cmammi 00CHIOHNCYEMbCSL ICMOPIs HAYKU | MEXHIKU Kpi3b
NPU3MY NPOEKMYBAHHA, GULOMOBIEHHA MaA 0a2amopiuHo2o 00C8idy eKCHIyamayii
mocmy imeni €eeena I[lamona 6 Kuegi, nepwiozo y c8imi CyyilibHO38APHO20O
asmomoobinbHo2o mocmy. 3asepuenuit y 1953 poyi ma Hazeanuil Ha wecms 8UOAMHO20
nionepa 36apiogants axkaoemika €ecena llamona, micm cmae 8ixow 6 YUBIIbHOMY
0Y0iBHUYMBI MA PAOSHCLKUX MEXHON02IUHUX amMOiyiax nio 4ac no8OEHHOI 8i00Y008U.
Y 0ocniooicenni pozensadaromscsa HAYKOBO-MeEXHIUHI OCHOBU, SIKI 00360UNU Nepexio 8i0
KAeNnauux 00 36ApHUX KOHCMPYKYIl, 3 AKYEHMOM HA OOCSACHEHHAX Yy Memanypeaii,
CMPYKMYPHOMY AHANI3] ma mexHono2ii 36aprodants. Takoxc po3enidacmuscs npoyec
BUCOMOBNIEHHA ~ MOCHY,  AKUU — GKIIOYA8  WUPOKOMACUIMAOHe — 3aCMOCY8AHHS
ABMOMAMUYUHO20 0Y208020 36APHEAHHS NIO (DAOCOM MA THHOBAYIUHI pileHHs O
supiuentss npoonem, noG's3aHux 3 YiliCHICMIO 3'€OHAHb, ONOPOM 6MOMI Mda
mepmiunumu  Hanpyscenuamu. Cnuparoyucos HaA apxieHi mamepianu, MexXHIYHI
nyonikayii ma ICmMoOpu4Hi 3anucu, cmamms po32AA0a€  MiCm Y  UUPUOMY
NOATMUYHOMY, THCIMUMYYIUHOMY MA eKOHOMIYHOMY KOHMEKCMI, AHAI3VI0UU 11020 POTb
K (YHKYIOHATbHO20 IHPACMPYKMYPHO20 HNpPOEKmy md CUMBONY PAOSHCLKOZ0
HAyKo8o2o npoepecy. Y cmammi po32nsi0aemvcs iCmopis excniyamayii Mocmy
NPOMA2OM HOHAO CeMu 0eCAmMUNIMy, 3 AKYEHMOM HA 1020 KOHCMPYKYIUHOI cCmItikocmi,
Memooax 00Cnye08y8aHHs ma OMPUMAHUX YPOKAX, SAKI GNIUHYAU HA NOOATbULe
mocmobyoysanus 6 CPCP ma 6 ycvomy ceimi. Y cmammi pozensioaemuvcs 83a€mo0ist
MIDIC HAYKOBUMU EKCNEPUMEHMAMU MaA NPAKMUYHUMU [THHCEHEPHUMU DIUUEHHAMU,
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O0eMOHCMPYIOUU, AK MeOpemuyHi OO0CINIONCEHHs AKMUBHO NepegipAnuci ma
nepesipsAIUCs WIAXOM PeanbHo20 8nposaddicerns. Ilooanvuie GuKOpUCmants Mocmy
21 cmonimmi 3abesneuye ocugy aabopamopiro Ol 8UBUEHHS 00820CMPOKOBOL
NOBEOIHKU 36APHUX CMANE8UX KOHCMPYKYIU Ni0 OUHAMIYHUM HABAHMAICEHHAM Mda
cmpecogumu  (hakmopamu  HaABKOAUWHbO20 cepedosuuja. Pobaauu ye, cmamms
NIOKPeCe HEe3MIHHY aKMYaibHIiCMb ICMOPUYHUX MEXHON02IYHUX OO0CSCHEeHb Ol
CY4acHoi HpacmpyKmypHoi nojiimuku, Mmamepiaio3Hascmea ma IHHCEHEPHOI
oceimu. Taxum yunom, micm Ilamona cuyscums nepexoHIUBUM NPUKTIAOOM €8OMOYIT
BEIUKOMACUMAOHUX 36APHUX KOHCMPYKYILL Ma Ccnocobis, AKUMU MEXHOIO0IUHI
iHHOBaYIi 60)Y008YIOMbCA 8 WUPULL ICIMOPUYHI HAPAMUBU.

Kniwwuoei cnosa: icmopis mocmobyoyeaHus, icmopis Memanesux MoCmis;
icmopis 38aprosanns, Kuiecoxuu micm imeni €ecena Ilamona, indxcenepHi piuieHHs,
npoobiemMu YmpUMaHHs ma pecmaspayii
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scientific and technical discoveries in the fields of optics, physiology of vision,
mechanics and chemistry became the basis for the emergence of a new art form —
cinema, and also to show how the interaction of science, technology, culture and
society contributed to the formation of a completely new system of visual thinking and
mass communication. The article analyzes the history of the emergence of moving
images — from optical toys of the 19th century to modern digital cinema. The emphasis
is on technical, psychophysiological and technological development, as well as on
modern directions that continue the evolution. The ideal ‘‘frame—interval-frame”
(blackout, break) was a breakthrough in the 19th century, but it was digital
technologies that gave freedom to the narrative, mixing frames in real time, adding
intellectual processing and visual effects. The subject of the study was the study of the
formation of scientific, technical and cultural prerequisites that led to the emergence
of cinematography as a result of the evolution of knowledge about visual perception
and technologies for fixing and reproducing dynamic images. Particular attention was
focused on research in the field of physiology of vision, in particular on the
phenomenon of persistence of visual image, which explained the illusion of movement
between individual frames. The influence of technical achievements on the
development of optical devices that simulated image movement, as well as the analysis
of experiments with chronography, was considered. The study paid special attention to
the invention of recording and projection devices. All this was considered in the context
of socio-cultural and commercial processes, such as the emergence of cinemas, fair
screenings, and the formation of cinema as a public spectacle. Thus, the subject of the
study is not only the technical inventions themselves, but also the deeper processes of
interaction of science, technology and culture, which together led to the emergence of
a new means of mass communication — cinema.
Keywords: art; culture; visual art; photography, frame,; animation

Introduction.

The term "cinematography" comes from the Greek words kivnuo (“movement”) +
vphow (“to write, depict”) — that is, "writing with movement" (Benis, 2023). It is the
idea of movement as the essence of cinema — a natural culmination of ancient attempts
to convey the dynamics of space and time through serial images, from the camera
obscura (Vaniuha, Kyreia, Lemishka, Spolska, & Patron, 2024) to the praxinoscope
(Lipton, 2021e) and the first film projector (Kuwahara & Fujimoto, 2022).

The emergence of the moving image — the result of a combination of discoveries
in the fields of optics, mechanics, photography and the theory of perception. From
primitive devices to digital sensors — cinema has gone from individual demonstration
to a global visual environment.

The appearance of movement in cinema has become an extremely important stage
in the cinema development, since it turned still images into living art, capable of
reproducing reality in dynamics, bringing observation closer to natural human
perception. Until the invention of technologies for recording and projecting motion,
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visual culture was limited to photography, painting, or the sequential viewing of static
images that could not convey changes in states, emotions, or actions over time.
Movement allowed the image to "come to life" — figures began to move, change facial
expressions, and interact with space, and this was a breakthrough not only in the
technical sense, but also in the viewer's perception of the artistic image. A person
looking at the screen no longer simply evaluated the image, but empathized with it,
because movement activated emotional involvement, created the illusion of presence.
In addition, it was the emergence of movement that opened the way to the formation
of a new language of cinema — montage, close-up, angles, frame duration, rhythm,
which became means of cinematic thinking. The ability to capture and recreate
movement allowed authors to tell stories using visual means, not only to demonstrate
an event, but also to control the viewer's attention, build tension, and reveal characters.
In the technical dimension, it was the result of scientific research — from the
phenakistiscope, zoetrope, and other optical toys to the invention of cinema by the
Lumiére brothers. The principle of combining a series of photographic frames that
quickly replace each other and create the effect of continuous movement became the
basis of cinema as a medium. Historically, movement in cinema became the element
that distinguished it from all previous forms of fine art and laid the foundation for the
emergence of a new, independent art form — cinema, which combines image, time, and
space. That is why the emergence of movement was not just a technical innovation, but
changed the very essence of image perception, opened a new sphere of aesthetic
experience, and turned cinema into the leading means of artistic and cultural influence
of the 20th century.

Scientists believe that the main impetus for the appearance of motion in cinema
was a combination of scientific discoveries in the field of physiology of vision, optics
and image mechanics, in particular the discovery of the phenomenon of persistence of
vision (delay of visual impression) and the illusion of the phi phenomenon (Bloom,
2020; Serban, 2021; Kontou, Mills, & Menke, 2022). Persistence of vision is the ability
of the human eye to retain a visual image for a short time after it has disappeared. It is
thanks to this property that, if a series of individual static images with slight differences
are quickly shown, the brain perceives them as continuous movement. This
phenomenon became the key to understanding how to create the illusion of dynamics
using successive frames. Researchers, including physicists, anatomists and opticians
of the 19th century, studied the properties of vision and experimented with optical
toys — phenakistiscopes, zoetropes, praxinoscopes — that demonstrated simple
animation. They proved that the brain "complements" information between individual
frames and perceives movement even where it is not physically present. Thus, the
scientific understanding of visual perception, the development of photography and
mechanisms for synchronizing images in time became the main driver for the creation
of technologies that later led to the birth of cinema.

The history of the appearance of movement in cinema has been studied by many
scientists of various specialties — historians of science, art historians, film critics,
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physiologists of vision and engineers (Gilbert, 2020; Lipton, 2021e; Veras, 2022). The
subjects of research of these scientists were both technical inventions (optical devices,
photography, projection devices) and the physiological principles of motion
perception, as well as cultural, social and artistic aspects of the appearance and
perception of motion in visual art. Their works allow to understand the cinema
development not as a random event, but as a natural result of the interdisciplinary
progress of science, technology and culture (Biltereyst, Maltby, & Meers, 2019;
Bieberstein & Feyersinger, 2022; Vaniuha, Markovych, Hryhoruk , Matviishyn, &
Toporivska, 2023).

The relevance of studying the emergence of motion in cinema from the
perspective of the history of science and technology lies in the fact that this process is
a vivid example of the interdisciplinary interaction of scientific discoveries, technical
innovations and socio-cultural needs, which allows to understand more deeply the
mechanisms of the development of scientific and technological progress in general.
The study of this phenomenon shows how abstract research in the physiology of vision,
optics, mechanics, chemistry of photosensitive materials and even psychology were
gradually integrated into practical solutions, which ultimately led to the creation of a
new form of communication — cinema. The study of the emergence of motion in cinema
also makes it possible to trace how science and technology do not exist in a vacuum,
but always interact with social demands, artistic searches and economic conditions. By
studying this historical process, one can better understand how ideas from one field —
for example, the physiology of vision — can stimulate the creation of fundamentally
new technologies in a completely different — media. In addition, this topic is important
for understanding how technological revolutions are formed: not only through the
discoveries of lone geniuses, but as a result of the long-term accumulation of
knowledge, experiments, mistakes, and exchange of ideas between scientists,
engineers, artists, and entrepreneurs. By analyzing the emergence of motion in cinema,
historians of science and technology receive material for modeling the general patterns
of the evolution of knowledge (Barnouw, 1981; Sadoul, 1946; Utterson, 2020), the
impact of scientific ideas on everyday life, and for understanding the limits and
possibilities of human perception, which still determine the directions of development
of modern technologies — from virtual reality to neurocinema. In this sense, the study
of the origin of motion in cinema is not only historically interesting, but also
methodologically valuable for a deeper understanding of the dynamics of scientific and
technical creativity.

The main aim of this study is to identify and analyze how scientific and technical
discoveries in the fields of optics, physiology of vision, mechanics and chemistry
became the basis for the emergence of a new art form — cinema, and also to show how
the interaction of science, technology, culture and society contributed to the formation
of a completely new system of visual thinking and mass communication. This study
aims not only to trace the technical evolution from optical toys to the cinematograph,
but also to explain how the ideas that preceded these inventions were formed, what
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scientific concepts formed the basis of the technologies and how these concepts were
transformed into applied tools capable of influencing culture and society.

Research Methods.

The article analyzes the history of the emergence of the moving image — from
optical toys to digital cinema. In addition to reviewing the technical and
psychophysiological aspects, a critical understanding of the influence of old
technology on modern video and film practices is provided.

The methodological principles of the study of the emergence of movement in
cinema from the perspective of the history of science and technology are based on an
interdisciplinary approach that combines the analysis of technical, scientific, cultural
and social factors. First of all, the historical-scientific method was used, which allowed
to reconstruct the development of ideas, concepts and discoveries in the fields of optics,
physiology of vision, mechanics, chemistry and photography, which became the basis
for the creation of technologies that reproduce movement. Also important is the
technical-historical analysis (Rossell, 2004; Strelko & Pylypchuk, 2021;
Sayfutdinova & Galiaskarova, 2022), which made it possible to study the designs of
devices (phenakistiscope, zoetrope, praxinoscope, chronograph, Kkinetoscope,
cinematograph), the sequence of their improvement, principles of operation, authors
and contexts of creation.

The method of source analysis was used (Alforova, Marchenko, Shevchuk,
Kotlyar, & Honcharuk, 2021; Ebbrecht-Hartmann, Stiassny, & Henig, 2023; Oiva, et
al., 2024), which included the study of archival documents, patents, publications, notes
of inventors, scientific articles and memoirs of contemporaries. This made it possible
to determine which scientific knowledge was used and adapted to practical needs. No
less significant is the socio-cultural analysis (Pylypchuk, O. Ya., Strelko, & Pylypchuk,
2021; Weinberg et al., 2021; Vaniuha, Kyreia, Lemishka, Spolska, & Patron, 2024),
which helped to reveal how social expectations, demands for spectacle, interest in the
illusion of movement, mass culture and new forms of entertainment influenced the
emergence and popularity of technologies that created moving images.

The method of intellectual history allowed to investigate how scientific ideas
about vision, time, space and perception were formed, what philosophical and
epistemological ideas underpinned technological solutions (Goodwin, 1978; Haenni,
2014; Pylypchuk, O. Ya., Strelko, Korobchenko, & Pylypchuk, O. O., 2022). In
addition, the comparative method was used — to compare different versions of devices,
approaches to the reconstruction of movement and the explanation of the mechanisms
of its perception. An important role in the study was also played by the interpretative
approach, which allowed to understand technical artifacts not only as engineering
objects, but also as cultural phenomena that carried new meanings and formed new
ways of seeing.

Thus, the methodology of this study is based on a set of approaches that allowed
to integrate data from the history of science, technology, culture and philosophy,
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creating a holistic picture of how the appearance of movement in cinema was the result
of a complex interaction of knowledge, technology and social context.

Results and Discussion.

Optical toys such as the thaumatrope, zoetrope, praxinoscope, and
phenakistiscope were key precursors to cinema, as they first demonstrated the
fundamental principles of creating the illusion of motion by rapidly changing static
images (Dulac & Gaudreault, 2004; Gilbert, 2020; Kontou, Mills, & Menke, 2022).
These devices, invented in the first half of the 19th century, exploited the physiological
phenomenon of persistence of vision — the ability of the eye to retain an image for a
short time after the disappearance of a stimulus — to create the effect of continuous
motion by rapidly rotating or scrolling images. They served not only as entertaining
games, but also provided inventors and scientists with a practical understanding of the
mechanisms of perception of moving images, laying the theoretical and technical
foundation for the subsequent development of devices capable of recording,
reproducing, and projecting moving images. It was thanks to these optical illusions that
the need for synchronized frame movement and lighting was realized, which ultimately
led to the invention of cinema and the emergence of cinema as a new form of art and
mass spectacle.

The emergence of optical toys laid not only the technical foundations (change of
frames, interference of vision), but also the aesthetic and narrative basis for motion in
cinema. They made motion a category that transformed space and time in cinema as a
sequence of illusion, and then into the syntax of the narrative. Historiographically,
these devices crossed the line from optical experiment to the artistic and production
arena of public screenings, preparing society for the cinematic experience.

Thaumatrope.

The thaumatrope is an early optical illusion device invented in 1825 by the
English physician John Ayrton Paris, which was an important milestone on the way to
the appearance of motion in cinema, demonstrating the principles of persistence of
vision and the perception of continuous motion (Wade, 2004; Riede, Johannsen,
Hogberg, Nowell, & Lombard, 2018; Grasnick, 2021). Structurally, the thaumatrope
was a small round or oval cardboard disk image with drawings or illustrations on both
sides, attached to two threads at the edges; when the disk was rapidly rotated, the
threads twisted, and the images on both sides merged into one in the perception of the
eye for example, the image of a bird on one side and a cage on the other rotated so that
the illusion of a bird in a cage was created (see Figure 1). This simple mechanism
demonstrated the basic principle of the phenomenon of persistence of vision — the
ability of the human eye to retain an image for a short time after the disappearance of
the stimulus, which became the foundation for the further development of animation
and moving images. The thaumatrope was one of the first devices to demonstrate how
rapidly changing images could create the illusion of motion, stimulating scientists and
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inventors to seek new devices and technologies that could reproduce a sequence of
frames at a rapid pace.

b)

Figure 1. The holographic thaumatrope principle. Two pictures are attached to each
side of the disk (a) and (b). Attached to the disk are two pieces of string that are
rapidly spun between the fingers (c). (Gentet, P., Joung, Gentet, Y., & Lee, 2019).

This invention preceded such optical devices as the phenakistiscope and the
zoetrope, and became the conceptual basis for later developments in cinema, where
rapidly changing frames created continuous motion on the screen. Thus, the
thaumatrope not only became a popular toy of the 19th century, but also played a key
role in shaping the understanding of the psychological and physiological mechanisms
of the perception of moving images, which ultimately led to the invention and cinema
development.

Roget's Discovery.

Peter Mark Roget, a British physician, scientist, and fellow of the Royal Society
of London, made important contributions to the scientific understanding of the nature
of visual perception, which later played a key role in the development of the
technological foundations of cinema. In 1825, he published his work "Explanation of
an optical deception in the appearance of the spokes of a wheel when seen through
vertical apertures" in the journal Philosophical Transactions of the Royal Society
(Roget, 1825). In this work, Roget described and analyzed in detail the optical illusion
that occurs when observing a moving wheel through narrow vertical apertures — for
example, when the spokes of a rotating wheel appear stationary, changed, or moving
in the opposite direction. This observation indicated that the human eye does not record
each moment of motion separately, like a camera, but instead retains an image on the
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retina for a short period of time, even after the object itself has disappeared from view.
This phenomenon was called the persistence of visual image, or visual after-impression
(Wade, 2004; Galifret, 2006; Lipton, 2021¢).

The essence of Roget's discovery was that human vision is not a continuous
process of registering the real world in real time, but occurs in the form of short,
successive visual impulses that our brain automatically combines into a single picture.
This property of vision — a delay in perception and the ability to merge successive
images — creates the conditions for the illusion of continuous motion, when individual
static images shown at a certain frequency (approximately 16 frames per second or
more) are perceived by us as living movement (Anderson, J. & Anderson, B., 1980).
Roget was not the inventor of devices for displaying images, but his scientific analysis
became the theoretical basis for the construction of optical illusions that imitated
movement: the phenakistiscope, zoetrope, praxinoscope and other devices were later
created taking into account this visual property described by him.

His work is considered one of the first scientific attempts to explain the
physiological mechanisms of illusory movement, and it gained considerable popularity
in scientific circles of the 19th century. It was thanks to it that researchers and inventors
realized that to create the effect of movement, it is not necessary to make the image
literally "move" — it is enough to present a series of images in the correct temporal
sequence, using the ability of human vision to synthesize impressions. This is the
profound methodological significance of Roget's discovery — he actually transferred
research from the plane of the physical movement of an object to the study of the
mechanisms of its psychophysiological perception. In addition, the research of Peter
Mark Roget had an important influence on the development not only of image
reproduction technologies, but also of ideas about the very nature of visual experience.
He demonstrated that illusion is not an error of perception, but an important property
of the visual system that allows a person to adapt to a constantly changing reality. This
discovery became a kind of scientific basis for further observations by Joseph Plateau,
Hermann von Helmholtz, Etienne-Jules Marey and other researchers who developed
the ideas of visual persistence and worked on devices that allowed not only to study
visual illusions, but to transform them into a source of aesthetic and communicative
experience. Thus, Peter Mark Roget's contribution to the physiology of vision turned
out to be one of the first steps towards understanding the mechanisms on which the
entire cinematography would later be built — as a technical system, as an art form and
as a new form of cultural expression.

Plateau's Phenakistoscope.

Joseph Antoine Ferdinand Plateau, a Belgian physicist and physiologist, became
one of the most prominent researchers in the field of visual perception, and his work
was fundamental to understanding the phenomenon of image persistence, a key
mechanism underlying the illusion of motion and the cinema development. In 1832,
Plateau published the results of his scientific experiments, in which he examined in
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detail why the human eye and brain perceive a sequence of static images as continuous
motion if they are displayed at a sufficient speed. He found that after the visual stimulus
disappears, the image does not disappear instantly, but remains on the retina for a short
time — about 1/25 to 1/15 of a second (Figure 2). This delay, known as image
persistence, allows the human brain to combine individual frames into a coherent
picture, creating the illusion of motion (Claudet, 1865; Wade, 2016; Lipton, 2021c¢).

Figure 2. Phenakistoscope (Lipton, 2021c¢).

Plateau not only theoretically described this phenomenon, but also practically
demonstrated it through the invention of an optical device — the phenakistiscope. This
device consisted of a circular disk, on which a series of drawings were located around
the circumference, imitating various phases of movement, as well as several slits
through which the viewer could look at the rotating images. When the disk rotated at a
speed corresponding to the persistence of vision, the drawings merged into a
continuous moving image. The phenakistiscope became the first mechanism that made
it possible to clearly demonstrate the principles that later formed the basis of animation
and cinema. His invention can be considered a kind of bridge between the scientific
study of visual illusions and the practical application of this knowledge to create
moving images. Of particular importance in Plateau's works was the awareness of the
role of the image refresh rate. He investigated how the speed of changing drawings

affects the perception of movement: if the disk rotates too slowly, the illusion of
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movement does not arise — a person sees a sequence of separate static images; if the
speed is too high, the image becomes blurry and difficult to recognize. Thus, Plateau
laid the foundations for determining the optimal technical parameters that allowed
achieving maximum realism of the illusion of movement — knowledge that was later
used by the inventors of cinema to adjust the frame rate.

The influence of Plateau's research was extremely great and spread widely in
scientific and technical circles of the 19th century. His ideas were actively adopted and
developed by other scientists and inventors, such as Peter Marc Roger, Hermann von
Helmholtz and Edward Muybridge (Galifret, 2006; Ayres, 2021; Lipton, 2021c).
Thanks to this, the phenakistiscope and the principle of persistence of visual image
became fundamental concepts that allowed the creation of the first optical toys, and
later more complex devices for displaying moving images — from the zoetrope to the
cinematograph.

The creation of the phenakistiscope was an important breakthrough not only from
the point of view of scientific research into visual perception, but also in the context of
technological development, since this device demonstrated the practical possibility of
using the physiological features of human vision to create the illusion of movement.
The phenakistiscope was the first invention to systematically use the principle of
persistence of visual image, showing that movement can be reproduced not by actually
moving an object, but by rapidly changing successive static images. This was a
fundamentally new step, because previously movement in art was recorded only in
static paintings, and the phenakistiscope offered the first mechanism for its
reproduction in an illusory form.

The phenakistiscope was not a cinema in the modern sense, as it allowed only one
viewer to view moving images at a time, through a special hole, and it also had no
mechanisms for projection onto a screen. However, it was this invention that initiated
a whole series of optical devices — the zoetrope, the praxinoscope, the kinetoscope,
which further improved the idea of creating a moving image, and, ultimately, led to the
invention of the cinema, which combined the recording, playback and mass screening
of films. The phenakistiscope also made an important contribution to the development
of an understanding of how to regulate the speed of image changes in order to achieve
maximum realism of movement — knowledge that became the basis for determining the
standard frame rate in cinema. The phenakistiscope's influence on the emergence of
motion in cinema was extremely significant. It demonstrated the basic principle of
cinema: movement can be created and perceived through a rapid sequence of images
that the human eye and brain automatically process as continuous motion. This
principle became the starting point for the development of technologies that later made
it possible to capture real movement using photography and reproduce it on the screen.
In addition, the phenakistiscope emphasized the importance of harmonious
synchronization of the rate of frame change with the persistence time of the visual
image — a parameter that became critical in the design and improvement of
cinematographic devices. Knowledge of this phenomenon allowed inventors not only
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to create technologies that are perceived as natural movement, but also to avoid
problems with flickering and blurring of the image. Thus, Joseph Plateau's
phenakistiscope became not just a scientific experiment or a toy, but the first
mechanism that consciously and systematically used the physiological features of
vision to create a moving image. This discovery was a fundamental step on the way to
the emergence of cinema — a new form of art and mass culture, which changed the way
the world was perceived and the methods of transmitting information. Thanks to the
phenakistiscope, the realization began that movement could be reproduced and created
artificially, and not just recorded natural movements, which opened up enormous
prospects for the development of visual entertainment, scientific demonstration, and
later the film industry. It was Plateau's phenakistiscope that laid the theoretical and
practical foundation, without which the emergence of movement in cinema as a
technology and art would be impossible to imagine. In addition to its technical
significance, Joseph Plateau's contribution also has a profound scientific nature, since
he showed that the perception of reality is an active, complex process in which the
physiological characteristics of the nervous system play an important role. His work
became the foundation for further research in the field of psychology of perception,
neurophysiology, and cinematic art, which to this day continue to influence the
understanding of the nature of visual perception. Thanks to Joseph Plateau, we have
not only a scientific explanation of how the illusion of movement arises, but also
practical tools that launched a new era in the history of human culture — the era of the
moving image.

Helmholtz's Works.

Hermann von Helmholtz is an outstanding German physiologist, physicist,
anatomist and philosopher of science who left a deep mark on the development of the
science of visual perception and played an important role in shaping the theoretical
foundations of cinema. His research covered a wide range of topics related to the
physiology of the eye, the mechanisms of vision and the processes of processing visual
information by the brain (Hwang, 2021; Roberti & Peruzzi, 2023; Dufty, 2024). In
particular, he significantly contributed to the understanding of the phenomenon that
later came to be called the persistence of visual image — the ability of the visual system
to retain an image on the retina for a short period of time after the disappearance of the
stimulus, which became a key prerequisite for the appearance of the illusion of
movement.

Helmholtz lived and worked in the second half of the 19th century — during the
period of active development of physiology and experimental psychology. He
combined precise laboratory research with deep theoretical analysis, which allowed
him not only to confirm facts that were already known to his predecessors, such as the
persistence of visual images, but also to significantly expand the understanding of these
processes. He studied how the eye and brain perceive and interpret rapidly changing
visual stimuli, investigated the limits and limitations of the visual system, as well as

249


https://www.hst-journal.com/

https://www.hst-journal.com Icmopist Hayku | mexHiku, 2025, mom 15, sunyck 1
History of science and technology, 2025, vol. 15, issue 1

the psychological mechanisms underlying the perception of continuous motion. One of
Helmbholtz's significant achievements was the study of the frequency characteristics of
motion perception — he investigated how the rate of change of successive images
affects whether a person will see them as separate static frames or as continuous
motion. His experiments showed that there is a certain optimal range of frequency of
change of visual stimuli, at which images are perceived as smooth motion, as well as
upper and lower limits beyond which the illusion of motion disappears. This
knowledge became extremely important for the further development of
cinematographic technologies, as it allowed inventors to determine the minimum
number of frames per second necessary to create the effect of movement on the screen.

In addition to physiological aspects, Helmholtz also paid attention to the
psychological processes associated with visual perception. He considered how the
brain actively processes, completes and interprets incomplete or variable information
coming from the eyes, and how this processing affects our understanding of movement
and space. These ideas helped to explain why the illusion of movement occurs even
when information about movement is fragmentary, and laid the foundation for research
in the field of cognitive psychology and the theory of perception.

Helmholtz's works became the basis not only for the physiology of vision, but
also for such sciences as psychophysics and visual research, which directly influenced
the development of technologies for reproducing moving images (Hwang, 2021;
Roberti & Peruzzi, 2023). His scientific discoveries provided the inventors of cinema
with valuable theoretical knowledge about how best to design equipment for
demonstrating motion, what frame rate and exposure parameters would ensure optimal
image perception, and how to overcome the optical and physiological limitations of
human vision. In general, Hermann von Helmholtz's contribution to the study of the
persistence of visual images is that he systematized and deeply analyzed this
phenomenon, combining physiological processes with psychological mechanisms of
perception. He showed that visual experience is not simply the passive receipt of light
signals, but a complex process of active image formation by the brain based on
information coming from the sensory organs. His work helped the scientific and
technical community to better understand how and why the human eye perceives
motion from successive static frames, which ultimately became one of the fundamental
principles on which the art and technology of cinematography are built. Thanks to
Helmholtz's discoveries, we are able to understand the deep foundations of motion
perception and the principles that allowed to transform simple images into a living,
dynamic image that still captivates millions of people around the world.

Horner's Zoetrope.

The zoetrope is another of the most famous and important optical devices invented
in the mid-19th century, which made a significant contribution to the development of
the illusion of movement and became one of the forerunners of cinema. This device
was created by the English inventor William George Horner in 1834 (Veras, 2022).
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The zoetrope was a cylindrical structure, made mainly of metal or wood, with a
diameter of about 20—30 cm and a height of about 15-20 cm. Vertical slots or narrow
slits were evenly spaced along the sides of the cylinder, through which the viewer could
look inside the device. The inner surface of the cylinder was covered with a series of
sequential drawings or images that depicted different stages of the movement of an
object or character — for example, a running person, a horse in motion, or a cat wagging
its tail (see Figure 3.).

Figure 3. Zoetrope c.1870 (Hadjiafxendi & Plunkett, 2022).

When the zoetrope was rotated on its axis — usually by hand or with the help of a
simple mechanism — the observer looked through the slits at the pictures inside. Due to
the phenomenon of image persistence — that is, the delay of a visual signal on the retina,
which lasts for several milliseconds after the disappearance of the stimulus — the brain
processed the rapid change of successive static images as continuous movement. It was
this physiological feature that made it possible to create the illusion of a living moving
image from a series of still pictures that were actually drawn or printed on the inner
surface of the cylinder (Kontou, Mills, & Menke, 2022).

The design of the zoetrope had several important features that affected the quality
of the illusion of movement (Tiirkmen, 2024). First, the slits were arranged in such a
way as to ensure a clear separation of the visual signals, avoiding blurring or
overlapping of images. Narrow slits not only limited the field of view, but also helped
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to “cut off” the gaps between frames, allowing the eyes to see only one picture at a
time, which significantly increased the effect of continuity of movement. Secondly, the
number of pictures and slits was correlated so that at the same speed of rotation they
corresponded to the same rhythm of the appearance of frames, which optimized the
perception of movement. In addition, the diameter and height of the cylinder were
selected for ease of viewing and an effective combination of visual and physiological
parameters.

The zoetrope differed significantly from its predecessor — the phenakistiscope —
in that it allowed several people to view the illusion of movement at the same time,
without the need to look through the eyepiece (see Figure 4). This made the device
more convenient and popular in mass use. It quickly became a popular entertainment
in Victorian Europe, often demonstrated at fairs, in scientific exhibitions and even used
in art installations. This fact contributed to the spread of the idea of a moving image in
society and increased interest in further optical inventions.

Figure 4. Students enjoying the illusion of movement in a hand-crafted zoetrope
made from a drum at Northern Vermont University’s Moving Image Lab. Photo
courtesy of Robby Gilbert (Gilbert, 2020).

The influence of the zoetrope on the emergence of motion in cinema was
extremely significant. It demonstrated the practical implementation of the principle of
sequential reproduction of static frames with a certain frequency, which allows the
brain to perceive the image as continuous movement. This principle became key to the
creation of subsequent optical devices — such as the praxinoscope, the kinetoscope and,
ultimately, the cinematograph. The zoetrope helped inventors realize the importance
of the frequency of frames and methods of demonstrating them to achieve a realistic
illusion of movement. In addition, thanks to its design, it opened up the possibility of
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collective viewing of moving images, which became a prerequisite for the emergence
of projection devices and mass film screenings (Gilbert, 2020; Kontou, Mills, &
Menke, 2022; Veras, 2022).

Thus, the zoetrope became not only an important technical innovation, but also a
cultural phenomenon that popularized the idea of the moving image and inspired
further developments that later led to the creation of cinema — a new form of art and
mass communication. Its invention revealed the potential of human vision and psyche,
which allow not only to perceive, but also to actively form images of movement, which
is of fundamental importance for the history of cinema and the visual arts in general.

Reynaud's Praxinoscope.

In 1877, French inventor Charles-Emile Reynaud created the praxinoscope, an
innovative optical device that significantly improved and developed the ideas laid
down by previous inventions, such as the phenakistiscope and the zoetrope, and
became an important technological link on the way to the creation of cinema (Lipton,
2021c¢). The praxinoscope was designed to overcome the main shortcomings of
previous devices, in particular problems with image quality and the inconvenience of
viewing through narrow slits, as well as to increase the brightness and smoothness of
the reproduction of moving images (Turquety, 2015).

Scholars such as Dulac & Gaudreault (2004; 2006) point out that with the advent
of the praxinoscope, movement ceases to be a pure illusion — it is transformed into a
narrative flow; mirrors and long turns support the principle of plot structuring and the
foreshadowing of cinema. In modern media theory (Denson & Leyda, 2016) these
cycles are seen as the proto-imagery “loop” of modern GIF animations, pointing to the
materialism of movement and repetition as a cultural form.

The praxinoscope design consisted of a rotating cylinder, similar to a zoetrope,
inside which were arranged in a circle successive drawing depicting different stages of
movement (Figure 5). However, the key innovation was the installation in the center
of the cylinder of a system of mirrors — usually a set of flat mirrors arranged around
the axis of the cylinder so that each mirror corresponded to one drawing on the inner
surface. As the cylinder rotated, the viewer looked into the central part of the device,
where the mirrors reflected the internal drawings, creating a clear, unblurred and
smooth image of movement. Thanks to the mirror system, it was not necessary to look
through narrow slits, which significantly expanded the field of view, increased the
brightness and comfort of viewing, and also reduced the flickering of the image.

The operation principle of the praxinoscope was based on the physiological
phenomenon of the persistence of visual image, when the human eye retains an image
on the retina for some time after the disappearance of the stimulus. The rapid rotation
of the cylinder ensured a change of images with a frequency that allowed the brain to
combine successive static frames into continuous movement (Cholodenko, 2024). The
mirrors in the center of the praxinoscope reflected the image in such a way that each
image appeared to be a separate frame, and the sequence was reproduced at the desired
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speed. This system made it possible to obtain a more realistic illusion of movement
than was possible with the help of a phenakistiscope or a zoetrope (Eder, 1945).
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Figure 5. Emile Reynaud’s praxinoscope (Tissandier, 1882, p. 357).

An important advantage of the praxinoscope was that it eliminated the main
disadvantage of the zoetrope, associated with a limited field of view and obscuration
of the image through narrow slits. The mirrors provided a bright and clear reflection,
which made the movement smoother and more natural. This improvement greatly
improved the quality of perception of moving images and made the praxinoscope
popular with a wide audience. It was widely used for entertainment, educational
demonstrations, and artistic experiments, becoming an important tool for the study of
movement in art and science (Tiirkmen, 2024).

The praxinoscope influence on the emergence of movement in cinema was
extremely significant and multifaceted. First of all, it became the technical basis for the
development of subsequent devices, such as Thomas Edison's Kinetoscope, which
combined the recording and playback of moving images. The idea of using mirrors to
improve the visual effect inspired inventors to create more complex optical systems in
cinema. The praxinoscope also showed that more realistic and attractive movement
could be created by improving the mechanisms for displaying frames, which stimulated
further technical research and experimentation (Gilbert, 2020; Lipton, 2021e;
Tirkmen, 2024).

In addition, the praxinoscope contributed to the popularization of the moving
image as a new form of entertainment and art, increasing the public's interest in optical
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illusions and animation. Its convenience and efficiency made it widespread among the
general public and stimulated the search for new technological solutions, which later
developed into a real cinema. The praxinoscope demonstrated the importance not only
of the physiological foundations of the movement perception, but also of technical
factors — design and optical elements — that determine the quality of the illusion.

Thus, Emile Reynaud's praxinoscope was not just another optical toy, but a
significant step forward in the development of the technique of moving images. It
combined scientific knowledge about visual perception and technological innovations,
opening up new horizons for the cinema development. Thanks to this device, it was
confirmed that improving the methods of reproducing images can significantly
improve the perception of movement and bring it closer to realistic. The praxinoscope
laid the theoretical and practical foundations that later allowed 20th-century inventors
to create modern cinema, which changed the cultural landscape and the way the world
communicates.

"Théitre Optique" by Emile Reynaud.

The Théatre Optique by Emile Reynaud, invented by French engineer and
inventor Emile Reynaud in 1888, was a milestone in the history of the moving image
and a real technological breakthrough that greatly expanded the possibilities of
demonstrating animated pictures compared to previous optical devices such as the
phenakistiscope, zoetrope and praxinoscope (Dulac & Gaudreault, 2006; Kuwahara &
Fujimoto, 2022; Cholodenko, 2024). It was the first device that allowed moving
pictures to be projected onto a large screen, making it possible for a large audience to
view them simultaneously, which significantly influenced the social and cultural
significance of the moving image.

The design of the optical theater consisted of several key elements. The basis was
a long tape or roll with sequential drawings — this could be a paper or cardboard
medium, on which artists manually applied hundreds or even thousands of frames of
animation. Each frame on the tape reflected a separate phase of movement, which
together formed a continuous sequence. This tape passed through a complex
mechanism that set it in motion at a constant and smooth speed in front of a light source.
Light from a lamp or mirror illuminated the frames, and a system of optical lenses and
mirrors projected the image onto a large screen. This optical system included sets of
mirrors that provided a clear and bright display of moving pictures, minimizing
distortion and shadow effects (Kuwahara & Fujimoto, 2022).

An important technical innovation of the Reynaud theater was the system for
controlling the speed of the tape. Thanks to a mechanical gearbox and a pedal drive,
the operator could adjust the speed of the display, which allowed for the creation of
various effects of movement — from slow and smooth to fast and dynamic. This was
especially important for the transmission of dramatic scenes and plot, which made the
optical theater not just a technical device, but an instrument of artistic creativity. In
addition, because the tape could contain long sequences of frames, the theater allowed
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the presentation of entire stories with a beginning, development, and conclusion, which
significantly distinguished it from the short cycles of movement in the phenakistiscope
or zoetrope (Lipton, 2021e).

The theater's optical system included several lenses that focused the image on the
screen, providing high resolution and brightness of the projection. The mirrors were
arranged in such a way as to compensate for the distortions caused by the movement
of the tape and the angle of projection, which made the image clear and stable. The
entire mechanism worked in close cooperation, which allowed the operator to ensure
continuity of movement and avoid the flickering or blurring that was characteristic of
previous devices (Dulac & Gaudreault, 2006).

One of the most famous films shown at Théatre Optique by Emile Reynaud is
The Clown and His Dogs (French: Clown et ses chiens), created in 1892. This animated
film is considered one of the first in history to be shown publicly on the big screen,
even before the advent of the Lumiere brothers' film projector.

Figure 6. The Théatre Optique by Emile Reynaud with a scene from Pauvre Pierrot.
Gravure by Louis Poyet (Tissandier, 1892, p. 128).

The Clown and His Dog featured a dynamic scene of a clown performing tricks
with his two trained dogs. The movement was rendered fluidly and vividly by the use
of flexible transparent strips of hand-drawn images — approximately 500—-600 frames —
that were manually moved through the projection mechanism of the Théatre Optic.
This allowed for a continuous illusion of movement, and the action could be stopped
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and restarted at will — making the presentation more like a theatrical performance than
later motion pictures.

This film, along with other Reynaud works such as Poor Pete (French: Pauvre
Pierrot), demonstrated the unique style of early animation based on drawing, and was
one of the first examples of how moving images could tell a story rather than merely
reproduce real movement.

The influence of Emile Reynaud's optical theater on the emergence of motion in
cinema was multifaceted and extremely significant (Cholodenko, 2024). First, it was
the first device that allowed moving images to be shown not to a single viewer through
an eyepiece, but to a large group of people simultaneously on a large screen. This
created a new social format for viewing and formed the basis for mass film screenings.
Second, the use of a long strip with a large number of consecutive frames was a direct
technical predecessor of the film, which was later used in the cinema of the Lumicre
brothers and other inventors.

In addition, the optical theater demonstrated that the moving image could serve
as an effective means of narration and entertainment, and not just a technical trick. This
significantly influenced the cinema development as an art and business, opening the
way to the formation of feature films and various genres. Reynaud not only invented
the technology, but also created his own animated films, which enjoyed great success,
emphasizing the importance of combining technology and creativity (Kuwahara &
Fujimoto, 2022).

Thus, Emile Reynaud's optical theater was a critical stage in the development of
movement in cinema, combining scientific knowledge of visual perception with
technical innovations and cultural practices. This device not only confirmed the
effectiveness of using sequential drawings to create the illusion of movement, but also
set the standards of projection, mass viewing and narrative structure, which became the
foundation for the development of 20th-century cinema. Thanks to Reynaud's theater,
new opportunities were opened up for the film industry, which influenced culture and
art around the world (Dulac & Gaudreault, 2006; Kuwahara & Fujimoto, 2022;
Cholodenko, 2024).

Eadweard Muybridge's Experiments.

Eadweard Muybridge's experiments in motion capture, including his famous
photographs of a galloping horse, were not only a sensation of their time, but also laid
the foundation for the development of cinematographic technology (Lipton, 2021b).
His work exemplified the combination of engineering precision, scientific curiosity,
and artistic vision, and of particular value are the technical innovations he introduced
in the filming process — initially with 12 cameras, and later with 24 cameras (Tiirkmen,
2024). Muybridge's first full-scale experiment took place on June, 1878, at the Palo
Alto Racecourse, California, on the private property of Leland Stanford (Olson, 2016).
The main purpose of the experiment was to prove or disprove the claim that a horse at
a gallop would at some point completely lift off the ground. To record this, Muybridge
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placed a series of 12 large wooden cameras along the horse's path. Each camera was
installed at a precise distance from each other (about 50 cm) which ensured the same
time interval between exposures (Lipton, 2021b).

The most 1mportant technical achievement was the creation of an
electromechanical shutter, which was activated directly by the movement of the horse
(Papacosta, 2018). Along the track, he stretched thin threads that were connected to
electrical contacts. When the horse ran along the track, its chest or legs cut the threads
in turn, and each of the cameras was triggered sequentially (almost instantly). The
shooting speed was such that each photograph captured the moment of a separate phase
of the horse's body movement. The cameras used glass photographic plates that were
sensitive to light, and natural sunlight was used as lighting, which required precise
calculation of the shooting time.
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Figure 7. The Horse in motion. "Sallie Gardner," owned by Leland Stanford; running
at a 1:40 gait over the Palo Alto track, 19th June/ Muybridge. California Palo Alto,
ca. 1878. (Muybridge, 1878).

In 1879, Eadweard Muybridge conducted one of his most famous experiments in
the study of motion, in which he first systematically used 24 cameras arranged in a row
to record successive phases of dynamic human and animal movement. It was this
research project, carried out in California after the successful demonstration of a
galloping horse in 1878, that provided the technical, scientific, and conceptual basis
for the creation of cinema, which it would become at the turn of the century (Olson,
2016). In 1879, Muybridge built a special pavilion (analogous to a modern photo
studio) with a wooden platform along which 24 large-format cameras were installed in
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an even row at the same height. The distance between the cameras was approximately
30-40 cm, and each was directed perpendicular to the trajectory of the object. Each
camera was loaded with a glass photographic plate coated with light-sensitive silver
halide, designed for a short exposure.

The key innovation was the use of an electromechanical shutter mechanism,
which was triggered directly by the movement of the model. Along the track,
Muybridge stretched 24 cords, each of which was connected to an electrical contact
that triggered the shutter of the corresponding camera. When a person or animal passed
by, its body cut the cords in turn, activating each of the cameras at millisecond
intervals. Thanks to this technical solution, an ideal shooting sequence was achieved,
which allowed to capture the phase transitions of movement with unprecedented
accuracy (Anderson, J., & Anderson, B., 1980).

The shooting was carried out outdoors in bright daylight, since the sensitivity of
the emulsions of that time was very low. To compensate for this, the models (horses,
dogs, people) moved along a background — a white cloth stretched behind for better
contrast with the figure. Muybridge used black markings or stripes on the models'
bodies and in the background to facilitate further analysis of the movement (Fresko,
2013). In some series, he began to use three rows of cameras at different angles (frontal,
side and rear filming), which allowed not only to reproduce the sequence of movement,
but also to study it in volume — this became the forerunner of multi-camera filming and
three-dimensional cinema. He carefully processed all the negatives obtained, printed
contact positives and composed them on tables that served as scientific illustrations.

The experiment of 1879 allowed Muybridge to make hundreds of unique
sequences of movement. He filmed not only animals (horses, bulls, dogs, deer), but
also people — men and women of different ages, including naked ones, which made it
possible to study the anatomical work of muscles. Such actions as walking, running,
jumping, dancing, lifting weights, throwing a discus, watering from a bucket, playing
with a child, etc. were recorded.

This experiment in 1879 was the world's first systematic use of multi-camera
photography for scientific purposes. It demonstrated the possibility of serializing
motion — breaking it down into discrete phases and then reproducing them. All this
became the basis for the concept of the moving image, which would later be embodied
in film (Smiley, 2023).

Technically and conceptually, these experiments became a bridge between
photography and cinema. Muybridge proved that motion could be broken down into
discrete, measurable phases, which could then be reproduced again — not in real time,
but with the help of a technical device. This laid the foundation for the idea of motion
picture film, which in the future also consisted of successive frames. His images
became the first "frames" from which the concept of the "moving image" was formed.

Thus, the meticulously planned and technically innovative experiments of Edvard
Muybridge with 12 and 24 cameras became critically important not only for the
scientific study of motion, but also for the birth of cinema. His research created the

259


https://www.hst-journal.com/

https://www.hst-journal.com Icmopist Hayku | mexHiku, 2025, mom 15, sunyck 1
History of science and technology, 2025, vol. 15, issue 1

model of serialized imaging that underlies any film — frame by frame, movement by
movement.

Zoopraxiscope.

In 1879, after a series of successful experiments in motion capture using a multi-
camera setup, Edward Muybridge created a unique optical device called the
Zoopraxiscope — a device that made it possible for the first time in history to
demonstrate moving images to a wide audience by means of projection onto a screen
(Faubel, 2015). This device was a logical continuation of his scientific research and at
the same time a precursor to the movie projector. The basis of the Zoopraxiscope was
a glass disk with a diameter of about 40 cm, on which a sequence of phases of one
movement was applied manually or by means of photographic transfer — first in the
form of silhouettes, and later in color drawings, reproduced from real photo series by
Muybridge (Tiirkmen, 2024). The images were arranged in a circle, and the disk rotated
using a manual mechanism with a friction transmission that ensured uniform
movement. To create the illusion of continuous movement, a metal curtain with radial
slits was placed between the light source (gas or arc lamp, later electric) and the disc —
this was a stroboscopic system that allowed images to appear instantly, without
overlapping one another, and activated the effect of persistence of visual image: the
viewer perceived static pictures as smooth, living movement(Fresko, 2013) . The
projection was carried out through a complex lens system with optical correction to
focus and enlarge the image on the screen. To achieve a clear outline and high contrast,
dark silhouettes on a transparent background were used, and later — colored figures
drawn from the original Animal Locomotion Series (Figure 8—10). These discs were
made by hand, often based on photonegatives, which the artists carefully converted
into contour images that preserved the dynamics of each phase of the movement.

Muybridge conducted public demonstrations of the Zoopraxiscope in London,
Paris, Philadelphia, New York, Chicago and other cities, accompanying the shows with
comments on the physiology of movement, the theory of vision and the history of his
project; the halls gathered hundreds of spectators, and the device itself began to be
called a "magic window into motion" (Papacosta, 2018). This allowed him to
demonstrate his series of photographs as a moving image to the public, even before the
appearance of the Lumiére brothers' film projectors. His lectures became the first
examples in history of the synthesis of science, technology and visual art. The influence
of the Zoopraxiscope on the further cinema development was decisive: technically — it
was the first device to demonstrate movement through a sequence of images on a large
screen, using a mechanical shutter and a projection system; conceptually — it was the
first embodiment of the idea of a "moving image" as a separate phenomenon that could
be reproduced, controlled and shown publicly (Faubel, 2015).
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Figure 10. A bald eagle flying (Muybridge, 1887c).
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The Zoopraxiscope also introduced the principle of montage — the selection and
sequencing of frames to create a desired action; its principles were also directly used
in the design of the film projectors of the Lumiére brothers, the Skladanowsky brothers,
and Edison, which replaced the glass disc with a roll of film but retained the idea of
phase sequence, intermittent illumination, and optical magnification. Muybridge, by
creating the Zoopraxiscope, not only showed the viewer that images could move, but
he created the conditions in which scientific imagery became a source of public
spectacle, and the technology of real-time reproduction became the basis for a new way
of thinking about visuality and dynamics, which shaped the idea of cinema as art and
technology (Schwenk & Wagner, 2010; Fresko, 2013; Lipton, 2021b).

Chronophotographic Rifle by Etienne-Jules Marey.

French physiologist, inventor, and researcher Etienne-Jules Marey made one of
the most significant contributions to the development of motion capture and analysis
technologies, which directly influenced the birth of cinema. His research, which began
in the 1860s and 1870s and continued actively until the end of the 19th century, was
focused on studying the mechanics of movement of living organisms — in particular,
humans, birds, fish, horses, and other animals (Hoffmann, 2013; Lipton, 2021a; Duffy,
2024). Marey sought not only to record external forms of movement, as did Eadweard
Muybridge, but also to study and accurately measure the internal physiological and
kinematic processes that generate this movement. In 1882, Marey created a device that
would become a landmark in the evolution of visual technology — a
chronophotographic rifle (fusil chronophotographique), which allowed taking up to
12 pictures per second on a single photosensitized disk (Figure 11).

Figure 11. Chronophotographic rifle by Etienne-Jules Marey. Gravure by Louis
Poyet (Marey, 1882, p. 329).
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The device resembled a rifle in shape: the lens replaced the "barrel", and a round
disk with a photosensitive coating — photographic film. When an object came into view,
when the trigger was pressed, the disk rotated, and after short intervals of time a
sequence of pictures appeared on it — one phase after another. This made it possible to
record the entire cycle of movement (for example, the flight of a bird, a jump, a blow
with a hand) in a single picture in the form of superimposed transparent figures located
in space. Thus, Marey's chronophotography did not simply show movement — it
analyzed it with mathematical precision (Duffy, 2024).

For Marey, photography was a tool of physiology. He created the Physiological
Station in Paris (French: La Station physiologique de Paris) in the Parc de Monceau,
where he launched complex studies with chronography, mechanography (recording
movements on the smoky surface of drums), as well as pulsography, pneumography
and other methods of recording bodily changes over time. His approach was deeply
scientific: each image carried precise information about the position of the body in
space and time, which made it possible to model, decompose and compare movements
(Hoffmann, 2013).

The influence of Marey’s research on the emergence of cinematography was
extremely profound (Lipton, 2021a). First, his chronophotography formed the basis for
subsequent inventions in the field of high-speed photography. It was the idea of a serial
image on a single medium that was transformed into the concept of a film with
sequentially arranged frames. Secondly, unlike Muybridge, Marey sought not simply
to record movement from the outside, but to make it measurable, reproducible and
analytically understandable — this formed the technical thinking that would later
become characteristic of cinematographers, editors and directors. Thirdly, his ideas
directly influenced Georges Demeny — one of his students, who would later invent his
own projection systems, which became another step towards the emergence of cinema
(Braun & Whitcombe, 1999).

Thus, Marey was not only a physiologist, but also an inventor who, at the border
of science and visual technology, created a new form of vision of time. His methods
made it possible to decompose dynamics into a sequence of moments, which became
the foundation for the cinematic image. If Muybridge showed that movement can be
seen, then Marey proved that it can be measured, controlled and reconstructed — and
this 1s what made his chronophotography one of the cornerstones of cinema.

Kinetoscope.

The Kinetoscope was one of the first devices for viewing moving images,
invented in the late 19th century, and greatly influenced the cinema development as an
art and technology (Turquety, 2015; Lipton, 2021d; Tirkmen, 2024). First
conceptually described by American inventor Thomas Edison in 1888, it was largely
developed by his collaborator William Kennedy Laurie Dixon between 1889 and 1892.
Dixon and his team at Edison's laboratory in New Jersey also developed the
Kinetograph, an innovative motion picture camera with rapid intermittent, or stop-
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motion, film movement, for shooting films for their own experiments and, later, for
commercial presentations of the Kinetoscope (Turquety, 2015; Gaines, 2023).

The Kinetoscope was a device for individual viewing of short films through an
eyepiece, which became an important link between the early experiments with the
moving image and the mass popularization of cinema. Structurally, the kinetoscope
consisted of a wooden or metal case, inside which was located the mechanism for
moving the photographic film, a light source and a system of lenses for focusing the
image (Figure 12). A film approximately 35 mm wide, on which frames were
sequentially applied, was passed through the exposure unit — a light beam from the
lamp illuminated the frames, and through a system of lenses they were projected on a
miniature scale onto the eyepiece.

Edison Projecting Kinetoscope

Always Up-to-Date.

omplets with 220v. cycle Fo
de, STAMPEDIANO. Price..

(b)

Figure 12. Edison projecting Kinetoscope (Improved Exhibition Model), 1898.

(a) This projecting Kinetoscope was used for traveling exhibitions; (b) The flyer
about the projecting Kinetoscope (Peng, 2024).

An important technical feature of the kinetoscope was the film feed mechanism —
an electric motor was used, which drove a toothed shaft with a system of gears and
spools, which ensured smooth and precise movement of the film at a speed of about
40 frames per second. To avoid blurring of the image during frame movement, a special
cam mechanism was used, which briefly stopped the film on each frame during
lighting, which is the prototype of the later shutter in film projectors. This principle of
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synchronizing the movement of the film and lighting was extremely important for the
further cinematography development (Tiirkmen, 2024). The kinetoscope was compact
and designed for one viewer — a person looked into a small eyepiece on top of the
device, which limited the mass distribution of this device, but it was this individuality
of viewing that created the basis for the further development of film screenings,
because it allowed for the first time to see a moving image in real time. Technically,
the kinetoscope was the first system to integrate several complex engineering solutions:
a mechanism for precise film feeding, frame lighting, and an optical system of lenses
for focusing the image on the eye, ensuring smooth movement and high quality of the
demonstration.

This device prompted engineers and inventors to look for ways to mass
demonstrate moving images — this is how the first film projectors and cinemas
appeared, expanding the accessibility of cinema from individual to collective viewing.
Ultimately, the Kinetoscope became a critically important milestone on the path from
simple optical illusions to the complex film industry, ushering in the era of cinema and
laying the technological foundation for subsequent inventions that made possible the
large-scale screening of motion pictures and the cinema development as such
(Turquety, 2015; Peng, 2024).

Contribution of the Lumiére Brothers.

The brothers Auguste and Louis Lumiére, French inventors and pioneers of
cinema, made a revolutionary contribution to the development of the moving image
and cinema in general, creating the cinematograph — a device that combined the
functions of shooting, developing and projecting films, which was a decisive step in
the formation of the film industry (Galifret, 2006; Cholodenko, 2024; Tiirkmen, 2024).
Their invention, patented in 1895, was a mechanical device capable of simultaneously
recording moving frames on photographic film, developing it and projecting the image
onto a screen for collective viewing, which was significantly different from previous
devices, such as Edison's Kinetoscope, which was intended only for individual viewing
through an eyepiece (Peng, 2024).

Technically, the Lumiere cinematograph was a compact and relatively lightweight
mechanism focused on precisely synchronizing the movement of the photographic film
with optical illumination, which guaranteed a smooth and clear image. The film,
approximately 35 mm wide, was moved by a gear mechanism that provided stepwise
movement of the frames at a frequency of about 16 frames per second — a speed that
optimally balanced the efficiency of motion capture and the convenience of viewing.
A particularly important technical solution was the introduction of a cam mechanism
system (known as a "freeze frame"), which briefly stopped the film during the exposure
of a frame, preventing the moving image from blurring (Turquety, 2015). The optical
part of the cinematograph included a system of lenses that allowed the projection of a
large image onto a screen, providing brightness and clarity that were previously
unattainable for the kinetoscope (Tiirkmen, 2024). The frame was illuminated by a light
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source (initially these were electric lamps or gas lamps), which directed a beam through
the film and lenses, providing uniform and sufficient illumination for high-quality
image reproduction. The Lumicere brothers also developed an improved polyester film
with an emulsion based on silver salts, which was distinguished by high light sensitivity
and mechanical strength, which significantly improved the quality of the shooting and
increased the durability of the material (Anderson, J., & Anderson, B., 1980).

Their cinematograph was portable and lightweight, which made it possible to
shoot movies in various places — outdoors, in interiors, in dynamic scenes, which had
previously been impossible due to the bulkiness and limitations of other devices
(Turquety, 2015). The most significant technical and cultural breakthrough was the
public demonstration on December 28, 1895 in Paris, which is considered the official
beginning of commercial cinema; at this event, short films (in particular, Arrival of a
Train at La Ciotat Station (French: L'arrivée d'un train en gare de La Ciotat)) were
presented to the public, which caused a real sensation and proved the viability of the
new technology for mass entertainment and cultural exchange. By integrating shooting,
development, and projection in a single device, the Lumicres' invention made it
possible to standardize the filmmaking process, making it technologically simpler,
cheaper, and more accessible, which contributed to the rapid spread of cinema in
Europe and the world. The technical features of the Lumiéeres' cinematograph — from
the carefully designed gear drive mechanism and cam shutter system to improved
optics and photographic film — laid the foundation for future projectors and cameras
that gave impetus to the development of both feature and documentary cinema in the
20th century.

In addition, their device opened up the possibility of collective viewing, which
became the basis for the emergence of cinemas and the formation of film culture (Peng,
2024). Thus, the inventions of the Lumiére brothers not only ensured the technical
realization of the moving image, but also laid the foundation for an entire cinematic
phenomenon — from the industrial production of films to the development of
cinematography, aesthetics, and film screening as mass entertainment and an art form.

Modern Technological Consequences of the Appearance of Motion in Cinema.

The appearance of motion in cinema is not just a technical progress, it is a triumph
of perception, mechanics and cognition. Each step, like a puzzle of history, has made
up the unique image of the moving picture that we enjoy today. The principle of
“frame-interval-frame”, inherent in peripheral mechanical devices, continues to exist
in the decoding of event-camera data.

Modern sensors (event cameras) record the change in brightness in each pixel
asynchronously, with microsecond accuracy, wide dynamic range and without motion
blur — this principle is similar to the mechanical slits of old projections. Comprehensive
reviews cover the characteristics and algorithms for these cameras (recognition,
tracking, reconstruction) (Gallego et al., 2020). Projection mapping transforms a two-
dimensional frame into a three-dimensional experience. The simultaneous projection
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of images onto an uneven surface creates the illusion of movement in 3D space. It is
already used in cinema (e.g., the film Oblivion, Audi advertising campaigns) and VR
installations.The transition to digital video was a turning point not only in the
abandonment of film, but also in the rethinking of the very acts of shooting and
editing — as generated data encoded in pixels.

From "A Trip to the Moon" by Georges M¢lies's (1902) to CGI and VR — cinema
has expanded its boundaries, combining practical effects and computer animation.
Modernity has moved to Al, VR and MR, which leads us from frame puzzles to virtual
immersion (Das, 2023). The above image processing principles find their applications
in industry for recognizing fast actions and monitoring machines — for example, low-
cost systems for SMEs (Walker, Turner, & Oyekan, 2024). These principles also find
their application in robotics: systems (reinforcement learning) with event-cameras
provide low latency and fast robot response to the environment. These technologies in
combination shape the future of AR/VR, robotics, and the video analytics industry. The
latest event-oriented cameras reproduce light changes in microseconds, minimizing
“motion blur” — just as early mechanical frames avoided flickering through slits. Video
projection mapping is based on the principle of “synchronous blinking” of images
(dynamic frame streams) to create the illusion of object movement in space.

Conclusions.

This article analyzes the stages of the emergence of a moving image — from simple
optical toys to the emergence of cinematographic devices and the psychophysiological
justification of motion perception.

The emergence of motion in cinema is based on mechanical principles and
psychophysiology. This foundation led to the development of cinematography and
modern video tools. All the technologies considered are united by a common logic:
“frame — interval — frame”. However, it was only in the early 1890s that devices
appeared that offered comprehensive solutions: shooting, storage, viewing and
projection. The Zoopraxiscope taught the audience to see photographs as movement,
the Kinetoscope transferred this to an individual format, and the Cinématographe made
moving images accessible to mass audiences.

Modern cinema is not just the movement of pictures, but simulation, interaction
and visual modeling. The basis of the moving image was born from the need to connect
individual frames through mechanics and perception. It was this approach that gave
rise to chronophotography and cinematography. The present — digital and “event”,
from the camera to the sensors — grows out of the ideas of the 19th century, but with a
new dimension of reconstruction and coding of movement. Event-camera and
projection mapping are logical extensions of the old idea of motion through frames and
gaps. These directions are now used in robotics, VR environments, event-based
cameras, and real-time projections.
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SApocaasa TonopiBcbka
TepHOMUIbCHKUI HAITIOHAIBHUIA MEIaroTIYHUHN YHIBEpCUTET iMeH1 Bonoaumupa
I'narroka, Ykpaina

Haraais Isaox-boratbko
HarmionansHuit yaiBepcutet “JIbBiBChbKa MoyiTeXHiKa, YKpaina

JlIronmuia benincbka
JIbBiBChKUY HalllOHAIBHUH yHIBepcUTET iMeH1 [Bana dpanka, Ykpaina

Harauia baxan
TepHOMILCHKUN HAIIOHATBPHUM TEAaroriyHuil yHIBepcUTET iMeHl1 Bomomumupa
I'narroka, Ykpaina

Jliaia IHanadok
TepHONUIbCHKUI HalLIOHAJIBHUM MEJAroriyHuil yHiBepcUTEeT iMmeHl Bonomummupa
I'narroka, Ykpaina

Pyx y kiHO, fIK eTan po3BUTKY KiHeMaTorpagy

Anomauin. Pozeumox pyxomux 300pasicenv — ye bacamowiapoga abcmpaxyis
PYXy ¥y 8i3yanbHOMy npocmopi, wo 6a3yeanacsi Ha ONMUYHUX, MEXAHIYHUX,
gdomoecpaghiunux ma meopemuunux Hosayiax. Koowen eman cnpuse cmeopeHH!O
CYYACHO20 KIHO 8 1020 MEeXHIYHUX ma KOHYyenmyauvHux gopmax. OcHosna mema
0aH020 00CTIONHCEHHS NOJIAA2AE 8 MOMY, W00 BUABUMU Ti NPOAHALIZY8AMU, SIK HAYKO8I |
MexXHIYHI BIOKPpUMMSL 8 2aY358X ONMUKU, (Di3ioN02ii 30py, MexaHiku ma Ximii cmanu
OCHOBOI0 OJIs1 GUHUKHEHH HOB020 8UJY MUcmeymea — KiHemamozpaghy, a markoxc
noxkasamu, SIK 83AEMOOIsl HAYKU, MEXHOI02ii, KYIbmypu U CYCNnilbCmea Chpusiia
GopMyBanHIO YiIKOM HOBOT cucmemu 8i3YalIbHO20 MUCTEHHS Ma MACOB0I KOMYHIKAYI.
Y cmammi npoananizoéano icmopito SUHUKHEHHS PYXOMO20 300pANCEHHs — 8i0
onmuunux iepauwiok XIX cmoaimms 0o cyuacHoeo yugposoco Kinemamozpaga.
Axyenm 3pobONeHO HA MEXHIUHOMY, NCUXOQIZI0N02TUHOMY MA MEXHON02IYHOMY
DPO36UMKY, A MAKOIC HA CYUACHUX HANPAMAX, AKI NPO008AHCYIOmMb egoioyiro. loeanbruii
«Kaop—inmepsan—Kkaopy (3amemuenns, nepepsa) 6ys npopusom y XIX cm., ane came
yughposi mexuonozii 0anu c60600y po3nosioi, 3MiuyouU Kaopu 8 peaibHOMY 4aci,
0ooarouu iHmenekmyaibHi 0opooKu U 8izyanvui echexmu. Ilpedmemom docniosxicenus
0y10 GUBYEHHA (POPMYBAHHA HAYKOBUX, MEXHIYHUX I KYJIbMYPHUX HEPEOYMOS8, WO
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3YMOBUNU BUHUKHEHH: KiHemamozpagha sK pe3yibmamy esooyii 3HaHb npo 30pose
CNPULHAMMSA MA MexHoN02il Qikcayii U 8i0MBOpeHHs OUHAMIYHO20 300PANCEHHS.
Ocobausy ysacy 0y10 30CepediceHo Ha O0O0CNIONCeHHAX V eany3i ¢hizionocii 3opy,
30KpeMa Ha A8uwi nepcucmenyii 30po08o2o obpasy, sike NOSACHIOBAI0 LI03i10 PYX) MIdHC
okpemumu xaopamu. Po3zenanymo 6naue mexHiuHux OOCACHEHb HA PO3BUMOK
ONMUYHUX NPUNAOI8, AKI MOOen08anu pyx 300paAdCeHHs, a MAaAKoNC aHali3
ekcnepumenmie i3 Xxponocpagicto. YV oocniodcenni okpemy ysazcy npuoiieHo
BUHAlIOEHHIO anapamis OJisl 3anucy ma npoekyii. Yce ye posenianymo 8 KOHmMeKCHi
COYIOKYTbMYPHUX | KOMEPYIUHUX HNPOYECis, MaKux K SUHUKHEHHsS KIHomeampis,
APMAPKOBUX NOKA3i6, (QOpMY6aHHA KIHO AK NYONIYHO20 eudosuwa. Takum 4uHOM,
npeomemom OOCNIONCEHHS € He aule cami MexHiuHi 6uHaxoou, a U auobui npoyecu
83AEMOOII HAYKU, MEXHIKU MA KYIbMYPU, SIKi CHLIbHO NPU38enU 00 BUHUKHEHHSI HOBO20
3acoby macoeoi KomyHikayii — Kinemamozpagha.

Knrowuoei cnoea: xynemypa, eizyanrbhe mucmeymeo, ¢homoepais, Kaop,
amimayis
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