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Tiirkiye Insansiz Hava Araglart Dergisi

Dergi Hakkinda Tiirkiye insansiz Hava Araclar Dergisi; IHA gelisimi, kullammi ve yer bilimleri ile ilgili yapilan
calismalari yayinlayan ve Uluslararasi indeks ve Veri tabanlarinda taranan hakemli bir dergidir. Dergi
insansiz hava araci (IHA), insansiz Hava Araci Sistemleri (IHAs) ve Uzaktan Pilotlu Ucak Sistemleri vb.
dahil olmak tizere insansiz hava araglarinin tasarimina ve uygulamalarina odaklanmaktadir. Ayni
sekilde insansiz su / su alt1 insansiz hava araglarina ve insansiz kara araglarina dayali katkilar da
memnuniyetle karsilanmaktadir.

Amacg¢ & Kapsam Tiirkiye Insansiz Hava Araclar1 Dergisi,

4 Insansiz Hava Araglarinin kullanimi alaninda ulusal ve uluslararasi gelismeleri Harita, Jeoloji,
Cevre, Maden, Sehir Plancilig, Ziraat vb. miihendislik alani, Arkeoloji ve mimarlik ile ilgilenen bilim
insanlarinin bilgisine sunmak,

+ Konu ile dogrudan veya dolayl etkinliklerde bulunan bilim insanlari, arastirmacilar, miihendisler
ve diger uygulayicilar arasindaki bilgi ve deneyim paylasimini giiclendirecek ve hizlandiracak,
kolay erisilebilen, genis katilimli bir tartisma ortami saglamak ve bunlar1 yayma olanagi yaratmak,

+ Tiirkiye'nin teknolojik ve ekonomik kalkinmasinda rol oynayabilecek mesleki gelismelere iliskin
sorunlarin daha etkin bir sekilde ¢6zliime kavusturulmasi agisindan biiyiik 6nem tasiyan
kurumlar arasi is birliginin baslatilmasina ve gelistirilmesine katkida bulunmak,

4 Tiirkce'nin Insansiz Hava araglari alaninda bilim dili olarak gelistirilmesini ve yabanci
sozciiklerden arindirilmasini 6zendirmek amaglarina sahiptir.

Tiirkiye Insansiz Hava Araglari Dergisinin kapsami;
v IHA Tarihge, Diinyada ve Tiirkiye’deki Yasal ve Hukuki Durumu
{HA Uretimi ve ihracati
Askeri alanlarda [HA kullanimi (Hava-Deniz-Kara Kuvvetleri)
Konvansiyonel (Geleneksel) ve Modern Savaslarda IHA kullanimi
{HA Tehditleri ve Giivenlik Yénetimi
{HA Sensérleri
{HA ile Artirllmis Gergeklik ve Sanal Gergeklik Uygulamalari
Temel iHA Uygulamalary,
{HA ile Yangin izleme
{HA ile Belgeleme Calismalar1
{HA Fotogrametrisi ve IHA ile Uzaktan Algilama,
{HA LiDAR ve Uygulamalari,
{HA ile Ormancilik Uygulamalars,
[{HA ile Karayolu Projeleri,
{HA ile Cografi Bilgi Sistemleri Uygulamalar,
{HA ile Endiistriyel Olcmeler,
{HA ile Deformasyon ve Heyelan Ol¢meleri,
IHA ile Madencilik Ol¢meleri,

{HA ile Sehircilik ve Ulasim Planlar1 Galismalars,
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[HA ile Hassas Tarim Uygulamalari,

AN

[HA ile yapilan tiim multidisipliner calismalar,
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The Journal of Turkish Unmanned Aerial Vehicles is a peer-reviewed journal that publishes studies on
UAV development, use, and earth sciences and is scanned in International Indexes and Databases. The
journal unmanned aerial vehicle (UAV), Unmanned Aerial Vehicle Systems (UAS), and Remote Piloted
Aircraft Systems (RPAS), etc. focuses on the design and applications of unmanned aerial vehicles,
including. Likewise, contributions based on unmanned water/underwater drones and unmanned
ground vehicles are also welcomed.

About Journal

Aim & Scope Turkish Journal of Unmanned Aerial Vehicles,

+ To inform present to people about the use and developments of UAVs in the fields of Geomatics,
Civil, Geology, Environment, Mining, Urban Planning, Agriculture, Archeology and Architecture,

+ To provide an easily accessible and wide-ranging discussion environment that will strengthen
and accelerate the sharing of knowledge and experience between scientists, researchers,
engineers, and other practitioners who are involved in direct or indirect activities with the
following topics.

+ To contribute to the initiation and development of inter-institutional cooperation, which is of
great importance in terms of solving the problems related to professional developments that can
play a role in technological and economic development in the world and Turkey

The scope of Turkey Unmanned Aerial Vehicles Journal;
v' UAV History, Legal and Legal Status in the World and Turkey
UAV Production and Exportation
UAV use in military areas (Air-Navy-Army Forces)
Use of UAVs in Conventional (Traditional) and Modern Wars
UAV Threats and Security Management
UAV Sensors
Augmented Reality and Virtual Reality Applications with UAV
Basic UAV Applications,
Fire Monitoring with UAV
Documentation Studies with UAV
UAV Photogrammetry and Remote Sensing with UAV,
UAV LiDAR and Applications,
Forestry Applications with UAV,
Highway Projects with UAV,
Geographical Information Systems Applications with UAV,
Industrial Measurements with UAV,
Deformation and Landslide Measurements with UAV,
Mining Measurements with UAV,

Urban Planning and Transportation Planning Studies with UAV,

SN N N N N N N N N N N N N N U N NN

Precision Agriculture Practices with UAV,

<\

All multidisciplinary studies with UAV,
Publication frequency  Biannual (June-December)
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Abstract

In recent years, rapid technological developments in information and communication technologies have
increased the strategic value of UAVs. In this study, the development processes in terms of UAV technology
in Turkey and Russia and their integration into the civil and defense sectors are analyzed comparatively. The
two countries have pursued alternative strategies in terms of geographical, industrial, and strategic
environments and have invested heavily in UAV technology. This study aims to contribute to scientific studies
by determining thematic trends, technological areas, and strategic priorities in terms of UAV studies and
applications in both countries. Using bibliometric analysis techniques, annual publications, keyword analysis,
and trends in cooperation networks were analyzed in terms of information obtained from the Scopus database
between 2005-2025. According to the analysis, Russia focuses on military use of UAV technology and has
developed significant improvements in terms of swarm control systems, energy efficiency, and secure
communication. Turkey, on the other hand, supports domestic production in the defense sector as well as in
civilian applications such as agriculture, disaster management, and infrastructure monitoring, and focuses on
5G integration with artificial intelligence-based optimizations. In this study, individual approaches of Tiirkiye
and Russia in terms of UAV technology and their value in terms of international defense and sustainable
development were emphasized and it was determined that UAV technology has a widespread potential in
terms of both scientific and applicable studies.

Keywords: Unmanned aerial vehicles, drones, bibliometric analysis, Turkiye, Russia.

insansiz Hava Araclarimin Kullanimina Iligkin Bibliyometrik Analizz Rusya ve Tiirkiye'nin
Karsilastirmali Arastirmasi

* Sorumlu Yazar:
beyzagudek@ktu.edu.tr
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Ozet

Son yillarda bilgi ve iletisim teknolojilerindeki hizli teknolojik gelismeler, THA'larin stratejik degerini
artirmistir. Bu ¢calismada, Tiirkiye ve Rusya'da IHA teknolojisi agisindan gelisim siiregleri ve bunlarin sivil ve
savunma sektorlerine entegrasyonu karsilastirmali olarak analiz edilmistir. iki ilke cografi, endiistriyel ve
stratejik ortamlar agisindan alternatif stratejiler izlemis ve THA teknolojisine biiyiik yatirimlar yapmistir. Bu
calisma, her iki iilkede IHA calismalar1 ve uygulamalari agisindan tematik egilimleri, teknolojik alanlar1 ve
stratejik oncelikleri belirleyerek bilimsel calismalara katkida bulunmay1 amaglamaktadir. Bibliyometrik analiz
teknigi kullarularak, 2005-2025 yillar1 arasinda Scopus veri tabanindan elde edilen bilgiler agisindan yillik
yayinlar, anahtar kelime analizi ve igbirligi aglarindaki egilimler analiz edilmistir. Analize gore, Rusya'nin
IHA teknolojisinin askeri kullamimina odaklandig1 ve siirii kontrol sistemleri, enerji verimliligi ve giivenli
iletisim agisindan 6nemli iyilestirmeler gelistirdigi goriilmektedir. Tiirkiye ise savunma sektdriiniin yani sira
tarim, afet yonetimi ve altyap: izleme gibi sivil uygulamalarda yerli iiretimi desteklemekte ve yapay zeka
tabanli optimizasyonlarla 5G entegrasyonuna odaklanmaktadir. Bu galigmada, Tiirkiye ve Rusya'nin IHA
teknolojisine iliskin bireysel yaklagimlar: ve uluslararasi savunma ve siirdiiriilebilir kalkinma agisindan degeri
vurgulanmis olup, THA teknolojisinin hem bilimsel hem de uygulanabilir caligmalar agisindan yaygin bir
potansiyele sahip oldugu belirlenmistir.

Anahtar Kelimeler: Insansiz hava araglari, dronlar, bibliyometrik analiz, Tiirkiye, Rusya.
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1. Introduction

Rapid advances in information and
communications technology over the past decade have
immensely boosted the strategic value of unmanned
aerial vehicles (UAVs). With no pilot and with
provisions for autonomous and remotely operated use
(Eisenbeiss, 2004; Kiss et al., 2024), these aerial
platforms have changed civilian and defense use with
ease, efficiency, and cost-effectiveness (Ayamga et al.,
2021). Today, UAVs have numerous civilian uses such
as agricultural use, infrastructure observation, and
disaster management, and even in real-time
intelligence, observation, scouting, and target accuracy
in operations in the military (Abdelmaboud, 2021; De
Rango et al.,, 2017; ElImokadem & Savkin, 2021; Telli et
al., 2023). As seen in the ongoing conflict between
Russia and Ukraine, the use of UAVs on modern
battlefields has transformed operational capabilities
for armies and significantly enhanced their value in the
defense sector (Erceg et al., 2017). Despite that, UAVs
have not been restricted to defense but have played an
important role in scientific and industrial sectors
(Sivakumar & TY]J, 2021). That confirms multi-purpose
use potential for technology in UAVs and its value at a
worldwide level.

Many countries in the world have significant
investments in UAV technology in an attempt to make
both civilian and defense problem-solving a reality. In
such a scenario, Turkiye and Russia have emerged two
significant players with contrasting geopolitical
standings and industrial settings. With a specific
consideration for its use in the military, Russia has
developed cutting-edge technology in terms of
decentralized swarm management, ultra-reliable low-
latency communications, and blockchain in an attempt
to enhance operational capabilities, particularly in
hostile environments (Izhboldina & Lebedev, 2023;
Kapitonov et al, 2017). Russia's effectiveness in
utilizing its application of its use of military UAVs is
backed through a robust technology base in
intelligence, observation, and accuracy in targeting. On
the other hand, state-of-the-art technology in efficiency
in terms of information and energy distribution
possesses effective alternatives for new forms of
warfare (Abdelmaboud, 2021; Telli et al., 2023).

Similarly, Turkiye, in recent years, has developed
immensely in technology in terms of UAVs. Turkey’s
transition in this direction has been driven by the
motive of reducing dependence on external sources in
the defense sector and achieving self-sufficiency.
Besides, civilian use of UAVs, too, have been
discovered. With software and artificial intelligence-
based network technology, Turkiye optimized
performance in 5G communications,
management, agricultural use, and infrastructure

disaster

observation (Abdulsalam et al., 2023; Yazici et al.,,
2023). Turkiye, which is situated in a high-risk zone for
natural disasters, is a forerunner in developing new
approaches for utilizing such technology in civilian
operations and in disaster management. In such a
scenario, use of UAVs comes out to be a multi-purpose
tool in both civilian and defense sectors (Tahir et al.,
2023).

This study highlights Russia and Turkiye's
innovations in UAV technologies from a comparative
perspective in the context of their operational
applications and strategic priorities. By reviewing the
existing literature in detail and analyzing current
trends, the strengths and weaknesses of these two
countries in UAV technologies and their future
perspectives are evaluated. Also, the impact of UAVs,
which plays a pivotal role in the defense industry, on
civilian sectors are emphasized and the diverse
dimensions of these technologies are discussed.
Although there are studies that separately address the
developments in the UAV field of Russia and Turkiye,
comparative studies focusing on the integration of
these two countries into defense as well as civilian
applications are limited. This study aims to fill this gap
in current literature by comprehensively examining the
dual-use potential and strategic outcomes and effects
of these technologies.

2. Background

UAVs have become cutting-edge systems with
widespread use in technology and defense in a
relatively short period of time. They function with no
operators, working in an autonomous manner, and
remotely, and their key strengths include minimizing
danger to humans, continuity in operations, efficiency
in terms of weight, and economy (Miller & Chadwick,
2018). These benefits have firmly positioned UAVs as
important assets, specifically in regards to use in the
military, for use in spying, observation, and real-time
intelligence collection in an effort to target enemy
locations and assess scenarios.

Advanced UAVs with guided ammunition have
entered most nations' arsenal with capabilities for
delivering pinpointed attack with minimum loss
(Hemmati et al., 2023; Kotsemir, 2019). For instance, in
the case of the Russia-Ukraine war, UAVs
revolutionized = military = operations with new

dimensions in observation and intervention
processes(Horowitz and Fuhrmann 2014). Historically,
UAV technology traces back to rudimentary examples
like the explosive-laden balloons used in Venice in 1849
(Daly, 2025). Significant advancements followed
during the World Wars, where UAVs were employed
for reconnaissance and training (Gonzalez-Aguilera &

Rodriguez-Gonzalvez, 2017). Today, UAVs serve
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diverse functions ranging from air strikes to missile
defense and border security.

Beyond military applications, UAVs have
transformative potential in both scientific research and
civilian use. With its adaptability and versatility, its use
in infrastructure planning, agricultural use, and
disaster management make it a transformation in such
sectors. With 5G networks and software-defined
networks, UAVs make operations efficient in
commercial and logistic operations worldwide. For
example, 5G-integrated networks for UAVs allow for
increased communication between drones and
optimized path planning, enhancing its use in
commercial ~and  defense-related  logistically
(Solomitckii et al., 2018; Ullah et al., 2020).

This global development situates Turkiye and
Russia, both of whom have been actively investing in
technology for UAVs, in a certain position. Turkiye and
Russia have a complex and ever-evolving past, with a
history of both confrontations and cooperation,
including wars, territorial disputes, and shifting
alliances. However, in the post-Cold War era,
economic cooperation and regional security have
become defining features of their interactions (Balta &
Ozel, 2021). Economic collaboration accelerated in the
early 2000s, particularly with energy projects like the
Blue Stream and TurkStream pipelines, which
positioned Russia as a key supplier of natural gas to
Turkiye (Sapmaz, 2023). Additionally, the Akkuyu
Nuclear Power Plant symbolizes strategic partnerships
between the two nations (Killioglu, 2023)

Despite these events, political contradictions can
nevertheless be seen. There have been conflicting
interests heightened through the Syrian civil war, with
Turkiye supporting anti-regime groups and with
Russia supporting the regime, with direct
confrontations in areas of dispute (Kostem, 2021).
Similarly, differences in Libya—where Russia backed
General Haftar and Turkiye supported the Tripoli-
based government—exemplify ongoing tensions in
their foreign policy agendas (Bayhan et al., 2021).

In terms of UAV improvements, Russia’s research
focuses mostly on military applications, emphasizing
swarm dynamics, decentralized control, and energy
efficient path planning (Izhboldina & Lebedev, 2023).
Technological developments like more steady low-
latency communication (uRLLC) and blockchain
integration enhance Russia’'s UAV operations,
ensuring secure and more reliable data sharing in
challenging environments (Kapitonov et al., 2017).
Moreover, detection technology with artificial
intelligence and remote sensing secure airspace, and
range and source improvement through microwave
radiation work towards extending range for UAV
(Zhukov et al., 2017).

UAV development reflects both domestic and
global aspirations — with a focus on integrating
artificial intelligence and optimization techniques into
UAV systems for 5G and beyond in Turkiye (Yazici et
al, 2023). Turkiye’s improvements in its native
platforms such as Bayraktar TB2 and ANKA have
proven successful in countries such as: Syria, Libya,
and Nagorno-Karabakh. Military, civilian, and
commercial requirements have been addressed
through these technologies, with use in precision
agriculture, infrastructure observation, and disaster
management (Abdulsalam et al., 2023). Also, Turkiye’s
geographical structure and agricultural potential
position UAVs as essential for improving productivity
in tasks such as crop monitoring and yield estimation
(Uysal et al., 2015)

As a result, Turkiye and Russia's investments in
technology for UAVs says a lot about its worth in
modern warfare and overall usage. Energy efficiency,
real-time processing, and technological versatility are
areas that must see ongoing innovation. All these
breakthroughs highlight a lot about each country's
personal concerns and present an illustration of the
role of UAVs in redefining modern trends in
international security areas.

3. Methodology

Bibliometric analysis is a general tool used to
examine the scientific environment in a specific field in
terms of publications, keywords, collaborations, and
trends over the years. These analyses cover both
quantitative and qualitative data, allowing for a
comprehensive assessment of the scientific output of
the field. Thanks to bibliometric analysis methods,
important elements such as fundamental studies, most
cited articles, influential authors, and leading research
institutions in the relevant field can be determined.
These analyses, which reveal research trends by
examining the distribution of publications over the
years, visualize the frequency and common use of
keywords with network structures, and clarify the
relationship between the topics. It also determines the
basic themes and their subcategories through
conceptual maps and presents the collaboration
structure between authors and institutions in the form
of collaboration networks. Within the scope of this
study, the trends in the technological and strategic
approaches of Turkey and Russia in the field of
(UAVs) were
comprehensively examined wusing these analysis
methods. Both  countries make  significant
contributions in terms of UAV technologies and

unmanned aerial vehicles

strategic applications on a global scale. Therefore, the
bibliometric methods and visual tools used play a
critical role in presenting the historical development,

Turkish Journal of Unmanned Aerial Vehicles



Tiirkiye Insansiz Hava Araclart Dergisi- 2025; 7(1); 01-15

current status, and potential future directions of the
relevant field systematically and understandably.
Data preprocessing constitutes an important basis
for any bibliometric analysis and text mining. First,
forms,
abbreviations have been addressed in this study in an
effort to make the dataset uniformed. Names of
authors have also been checked in an effort to map
intellectually accurately. In this study, similar

variation in keyword synonyms, and

keywords have been merged, singular and plural
forms have been normalized, and no variation in name
of authors have been encountered. All these processes
count in providing strong results and in curving any
kind of noise in bibliometric studies (Zupic & Cater,
2015).

This study utilized a tool, namely, Bibliometrix
(Aria & Cuccurullo, 2017), a proven tool for use in
bibliometric analysis, and its friendly companion tool,
Biblioshiny. We chose to use Bibliometrix for its ease in

providing in-depth  analysis of bibliometric
information. Those features include keyword
mapping, collaboration networks, and theme

development. We chose to use the Scopus database for
its multidisciplinary and aptitude for use in required
bibliometric analysis (Mongeon & Paul-Hus, 2016). By
using these tools, we were able to perform in depth
analyses of publication trends, keyword frequencies,
and collaborative networks.

The flowchart (Figure 1) highlights the
methodological steps which are undertaken in this
study. That capsulates the process starting from initial
data extraction to advanced bibliometric analyses. The
flowchart highlights the number of documents
retrieved and the systematic process used to conduct
this research. These processes included formulating
correct search queries, well-refining the dataset
through given filters, and performing manual
screenings to ensure steady relevance level.
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Figure 1. Flowchart of the Methodological Steps in Bibliometric Analysis.

3.1. Bibliographic Base

In order to find research trends, technology
advancement, and strategic agenda regarding
unmanned aerial vehicles (UAVs) in Turkiye and
Russia, we searched publication histories between 2005
and 2025. Scopus was selected as the primary
bibliographic database because of its wide diverse
coverage and valuable indexing capabilities. Scopus is
known well as a trustworthy tool for bibliometric
studies, and it provides consistent and comprehensive
access to literature (Elsevier, 2020).

3.2. Bibliographic Base Search Strategy and

Screening Records

Queries were carefully constructed to capture
publications explicitly associated with UAVs while
ensuring precision and relevance. The search queries
targeted publications in English to maintain
consistency and focused on scientific contributions
explicitly related to Russia and Turkiye. The detailed
queries (Table 1) were structured as follows.

The inclusion of a specific timeframe (2005-2025)
ensured that the analysis captured two decades of
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research activity, reflecting long term trends and recent
improvements. The focus on English-language
publications enhanced comparability and reduced
linguistic inconsistencies.

After retrieving the datasets, the records
underwent multiple refinement steps:

1. Filtering: Initial filtering excluded non
research articles, that is, editorials, book chapters, and
conference abstracts, to include only peer reviewed
scientific contributions.

2. Manual screening: Titles and abstracts were
screened to verify the relevance of every publication.
Entries that were not related to UAVs or not directly
connected with either Russian or Turkish research
were excluded.

3. Data Cleaning: Standardized terminology was
applied to keywords, and author affiliations were
checked for potential inconsistencies to improve
accuracy.

The datasets extracted from Scopus were
processed using the package Bibliometrix and its tool
Biblioshiny. These tools enabled the generation of
visualizations such as:

1. Annual Scientific Production: Identifying trends
in publication volume over the specified timeframe.

Table 1. Detailed research query

2. Keyword Co-occurrence Networks: Mapping the
relationships between frequently used terms.

3. Collaboration Networks: Depicting institutional
and international research partnerships.

4. Thematic Evolution: Highlighting emerging
research topics and their progression.

5. Conceptual Structure Maps: Visualizing clusters
of research focus areas.

The results were further refined by manually

screening retrieved records to exclude irrelevant
entries. The inclusion of only English-language
publications may exclude regionally significant
research published in other languages. Additionally,
the study focuses solely on UAV research explicitly
attributed to Russia and Turkiye, potentially
overlooking collaborative works that are not directly
affiliated with these countries.
To account for the differing research dynamics in
Russia and Turkiye, the analysis is structured into two
distinct sections. Each country’s contributions are
assessed individually, followed by a comparative
evaluation of developments, trends, and potential. This
approach ensures a nuanced understanding of UAV
research trends in both nations.

Country Query

Description

TITLE-ABS-KEY ( "UAV” OR "unmanned aerial vehicle”
OR "military drone” OR "defense drone” OR "combat

This query specifically searched for publications

containing terms such as "UAV," "unmanned aerial

AND ( LIMIT-TO ( AFFILCOUNTRY, "Russian the results to a;ticles aff,iliated with the Russian
Federation” ) ) AND ( LIMIT-TO ( LANGUAGE, . . . .
"English”)) Federation and published in English between 2005
and 2025.
TITLE-ABS-KEY ( "UAV” OR "unmanned aerial vehicle” Similarly, this query was designed to retrieve
OR "military drone” OR "defense drone” OR "combat publications associated with UAV research in
Tiirkiye  drone” ) AND PUBYEAR >2004 AND PUBYEAR <2026 Turkiye, applying the same terms and timeframe as

AND ( LIMIT-TO ( AFFILCOUNTRY , "Turkey” ) ) AND (

LIMIT-TO ( LANGUAGE, "English” ) )

the Russian query while limiting the results to
Turkish affiliations

4. Analysis and Results

Given that Turkey and Russia exhibit different
technological and strategic dynamics, their UAV-
related data and analyses are addressed separately.
This section presents the developments in UAV
technologies for each country, accompanied by
relevant bibliometric findings and thematic insights.

Figure 2 (a) shows from 2005 to around 2010 that
the number of published scientific articles remained
relatively low and stable. There was little change in the
number of publications during this period. This phase
likely reflects the nascent stage of UAV research and
foundational

development in Russia, where

technologies and initial exploratory studies were being
established.

Starting around 2011, there is a significant and
steady increase in the number of articles published
annually. This trend peaks around 2020 or 2021,
showing the highest annual production. This steep
curve indicates heightened interest, with Russia
focusing on UAV applications in military, agriculture,
and environmental sectors. Increased research activity
is linked to developments in artificial intelligence,
hyperspectral imaging and IoT applications in UAV
systems, such as studies Lu et al. (2023) and
Podlesnykh et al. (2024).
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Figure 2. Annual Publication Trends in UAV Research for Russia and Turkey (2005-2025).

Scientific production in UAV research peaked in
2021, followed by a gradual decline in 2022 and 2023,
likely due to topic saturation and emerging new
research fields such as 5G communications. Causes for
the decline are possible due to saturation in research
topics, other more global constraints such as COVID-
19, and possibly new priority interests in
communications research with the latest systems like
5G and NOMA VLC systems. This shift indicates a
transition from basic exploratory research to more
application-oriented UAV studies. This trend indicates
a change in focus from basic to applied research on
UAVs.

Figure 2 (b) shows a significant increase in
Turkiye’s studies on UAV and drone technologies after
2015. The increase observed in UAV and drone
technologies in Turkiye after 2015 can be associated
with multiple dynamics.
Following 2016, Turkey intensified efforts to reduce
external defense dependency, leading to increased
investments in both military and civilian UAV

internal and external

applications.

The increase after 2020 can be explained by the
innovative needs brought about by the pandemic
Mohsan et al. (2022) and the acceleration of the
integration of advanced technologies such as artificial

intelligence with UAVs. Increasing security threats and
cross-border operations in Turkiye have increased the
importance of military UAVs. Strategic investments in
defense and R&D initiatives aimed at both military and
civilian UAV applications significantly accelerated
scientific output in the field. The graph confirms that
UAV  technology is  rapidly  developing,
multidisciplinary, and application-oriented field in the
literature, while also highlighting the strategic
importance of growth in this field.

“Antennas” is the most frequently occurring
keyword with 1,188 occurrences (Figure 3 (a)). This
indicates its centrality in UAV research, particularly in
enhancing communication, navigation, and sensing
capabilities. Remote Sensing” appears second with 346
occurrences, pivotal in environmental monitoring,
military operations, and navigation. Similar to
Gyrichidi et al. (2024) work, “Air Navigation” (251
occurrences) emphasizes the importance of aviation
technologies. “Aircraft Control” (245 occurrences) and
together with “Aircraft Detection” (206 occurrences)
emphasize automation, safety, and defense systems
“Robotics” (205
“Computer Vision” (164 occurrences), and “Deep
Learning” (156 occurrences) demonstrate the
integration of Al in UAV applications.

Keywords like occurrences),
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Figure 3. Frequency Distribution of Keywords in UAV Studies for Russia and Turkey.

The prolific diversity of keywords, from Al-related
topics to domain-specific terms, highlights a
multidisciplinary approach. IoT and optimization
technologies highlight the integration of connected
systems and computational advancements in
traditional UAV fields. Similar to the studies by
Gyrichidi et al. (2024), Uzhinskiy (2023), and Zvezdina
et al. (2024), keywords such as “Agricultural Robots,”
“Aerial Photography,” and “Forestry” show practical
applications in environmental, industrial, and aviation
contexts. The prevalence of terms such as “Deep
Learning,” “Computer Vision,” and “Convolutional
Neural Networks” reflects the increasing adoption of
Al-driven methodologies, as in the studies by
Podlesnykh et al. (2024) and Uzhinskiy (2023).

Figure 3 (b) shows that Turkiye’s research focuses
on UAV and drone technologies, especially in areas
such as “antennas” and “aircraft detection”. This sup-
ports the strategic importance of UAVs in
communication systems and security applications
emphasized by Al-Turjman et al. (2020) and Yazici et
al. (2023). This intense emphasis on antenna
technologies is in line with Turkiye’s goals of reducing
external dependency on border security and the
defense industry. Keywords such as “deep learning”
and “motion planning” reveal the critical role of
artificial intelligence and route planning technologies
to improve the autonomous functions of UAVs. In
addition, the interest observed in areas such as
“photogrammetry” and “remote sensing” supports
Turkiye’s efforts to disseminate UAV technologies in
civilian = applications = such  as  agriculture,
environmental monitoring, and disaster management.

Smaller terms like “multi-agent systems” and
“control systems” suggest areas where research is still
growing but holds potential for future breakthroughs
(Figure 4(a)). Deep Learning, Optimizations, and
Learning Systems show increased relevance, marking
a shift towards Al and optimization techniques.
Keywords like “Kalman Filters,” “Control Systems,”
and “Navigation” show spikes, likely due to
breakthroughs or project-focused research.

The weight of terms such as “antennas” and
“aircraft detection” in the word cloud in Figure 4 (b)
shows that Turkiye focuses on communication
infrastructure and detection systems in UAV
technologies. While Ullah, Al-Turjman, & Mostarda
(2020) and Yazici et al. (2023) emphasize the critical role
of these technologies in in- creasing the operational
effectiveness of UAVs, Zaid et al. (2024) state that
artificial intelligence-based detection systems provide
strategic advantage, especially in military operations.
In addition, the prominence of concepts such as “deep
learning” and “motion planning” reflects the
increasing work on algorithms that support the
autonomous functions of UAVs. In addition, the
keywords “photogrammetry” and “remote sensing”
indicate that the use of UAVs in agricultural and
environmental monitoring applications is becoming
widespread, in line with studies such as Uysal et al.
(2015) and Aslan et al. (2022). According to these data,
it has been observed that Turkiye gives strategic
priority to communication and artificial intelligence-
based innovations in UAV research focusing on both
defense and civilian applications.
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Figure 4. Keyword Cloud Representation Highlighting Research Focus Areas.
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Figure 5. Keyword Occurrence Trends in UAV Research.

Foundational bold topics like “Algorithms” and
“Vehicles” appeared early in UAV research. These
subjects laid the groundwork for advancements in
UAV systems, emphasizing the development of
essential technologies like navigation, control, and
sensing mechanisms. The early focus on these

foundational topics helped establish critical pathways
for integrating advanced technologies later, such as Al
and IoT (Figure 5 (a)). Over time, these foundational
studies were instrumental in transitioning the field
towards more application-driven innovations in
agriculture, defense, and environmental monitoring.
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Figure 5 (b) clearly shows the focal points of
research in the field of UAVs and is consistent with
current trends in literature. For example, the fact that
antenna technologies occupy the largest area in the
graph with 22% supports the fact that communication
infrastructure is a critical component for UAVs, as
emphasized in studies such as Ullah, Al-Turjman, &
Mostarda (2020) and Yazici et al. (2023). Similarly, the
prominent presence of deep learning (4%) and machine
learning (3%) categories reflects the increasing interest
in using UAVs in artificial intelligence-based
applications such as object detection, route

optimization, and autonomous movement. The lower
representation of environmental applications such as
photogrammetry (2%) and forest monitoring (2%)
show that the use of UAVs in precision agriculture and
environmental protection areas is still in the
development stage in Turkiye. While this situation
arises as a result of Turkiye’s concentration on UAVs
in the defense industry Altan & Hacioglu (2020), it also
points to the need to focus more on civil and
environmental applications.

a) Russia

Term

Term

b) Turkiye

] ] -

Figure 6. Thematic Trend Evolution in UAV-Related Studies.

The corelated relation between foundational
engineering topics and applied Al technologies
demonstrates a multidisciplinary approach to UAV
research (Figure 6 (a)). Keywords like “Navigation
Systems,” “Aircraft Detection,” and “Control Systems”
exemplify the bridging of traditional engineering
concepts with cutting-edge Al applications. This
underscores  the
interdisciplinary collaboration in advancing UAV
capabilities across diverse domains.

Figure 6 (b) shows how exactly the main trends in
UAV technologies have improved over the years. In

integration importance  of

A A R

Year

particular, the frequency of the terms “antennas” and
“aircraft detection” reflects Turkiye’s heavy
investments to make its UAVs more effective in the
defense industry. Also, the rise of Al focused concepts
such as “deep learning” and “motion planning”
reveals a global trend toward developing the
autonomous capabilities of UAVs, consistent with
studies such as Abdulsalam et al. (2023) and Zaid et al.
(2024).

The more prominent use of the term’s
“photogrammetry” and “remote sensing”, especially
after 2015, shows that Turkiye has begun to benefit
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from these technologies in areas such as agriculture
and environmental monitoring. On the other word, the
frequency of concepts such as “military vehicles” and
“controllers” confirms the critical importance of UAVs
in military and border security applications
emphasized by Altan & Hacioglu (2020) and Sozen &
Craparo (2016).
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Figure 7. Conceptual Relationships and Clusters in
UAYV Research Keywords.

“Antennas,” “Remote Sensing,” and “Aircraft
Detection” dominate research, indicating their
importance in communication, sensing, and aviation
(Figure 7 (a)). Topics like “Air Navigation” and
“Robotics”
further exploration (Figure 8 (a))

Figure 7 (b) shows the conceptual correlations and
focal points in those studies exported. In this graph, the
most important node is “antennas”, reflecting the vital

hold foundational relevance but need

role of UAVs in the communication infrastructure.
More concretely, in another paper authors underline
the fact that antenna technologies are too critical to
UAVs’ data transfer performance over large networks
(Ullah, Al-Turjman, & Mostarda (2020). The
importance of the concepts related to “aircraft
detection” is strengthened through the use of artificial
intelligence and deep learning algorithms for object
detection and security applications by Zaid et al. (2024)
and Shayea et al. (2022). It is a strategic reflection of
investments in UAVs by Turkiye for border security
and military applications.

Green nodes such as “optimization” and “motion
solutions to increase the
operational effectiveness of UAVs. The control
algorithms which are developed by (Altan & Hacioglu,
2020) and the route planning approaches which are
proposed by (Pehlivanoglu (2012) support innovative

planning”  represent
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efforts in these prominent areas. Also, blue nodes such
as “remote sensing” and “photogrammetry” shows
how photogrammetry techniques discussed by Uysal
et al. (2015) and Yaprak et al. (2018) provide an
effective solution in environmental monitoring and
precision agriculture applications. This indicates the
potential of Turkiye to use UAVs in civil applications
as well.

The wide network of connections in the graph
reflects the different nature of UAV research. For
example, the physical layer security techniques have
been discussed by Hamamreh et al. (2019) are mostly
linked to “signal processing” and are of utmost
importance for ensuring data security in UAV
communication. Also in the same manner, Malekloo et
al. (2022) emphasized the use of UAVs in structural
health monitoring systems by the evaluation of the
non-interruptible connection of machine learning
algorithms with the newly introduced “deep learning”
node.

Also like
planning” and “military vehicles” in the “Basic
Themes” section in Figure 8 (b) emphasize Turkiye’s
strategic priorities in improved UAYV technologies. Al-
Turjman et al. (2020) and Yazici et al. (2023) drew huge
attention to the most important role of antenna
technologies in the communication infrastructure and
stated that this area is a fundamental research focus for
UAVs. At the same time, some studies on “motion
planning”, aligned with studies such as Pehlivanoglu
(2012) and Altan & Hacioglu (2020) shows the
importance of auto-path optimization and stability in
the realization of autonomous missions. The theme of
vehicles” reflects Turkiye’s strong
the defense industry and its
technological independence goals in this area.

“Niche “deep
learning” and “remote sensing” focus on advanced
technologies Abdulsalam et al. (2023) and Ullah, Al-
Turjman, & Mostarda (2020) have demonstrated how
deep learning algorithms improve the autonomous

keywords “antennas”, “motion

“military
investments in

Themes”, *“aircraft detection”,

functions of UAVs in applications such as object
monitoring. This
situation overlaps with Turkiye’s efforts to increase its
potential in civil applications such as agriculture and
environmental management. Among the developing

detection and environmental

or declining themes, “controllers”, “aircraft control”
and “quad rotors” may indicate that previous studies
on the development of basic systems are maturing.
Altan & Hacioglu (2020) emphasized the im- portance
of control algorithms in the stabilization and precision
of UAVs and stated that these technologies have a
critical role in defense and commercial applications.
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Figure 8. Centrality Analysis of Keywords in UAV Research Themes.

In Figure 9 (a), the Blue Cluster focuses on
keywords such as Aircraft, Deep Learning, and Remote
Sensing, and highlights Al-powered decision-making
processes in aviation. The Pink Cluster focuses on
computational techniques, drawing attention to
optimization and intelligent systems. The Red Cluster
addresses forestry, aerial photography, and remote
sensing, and monitoring
applications. The Green Cluster includes IoT and 5G
mobile communication systems, which symbolize the
advances in connectivity technologies, in line with the
Ma et al. (2023) study. According to Dimensional
it represents a wide range from
environmental applications to Al,
automation, and IoT, with a rate of 16.75% on the
horizontal axis. The vertical axis reflects the progress
from basic research to advanced technologies, with a
rate of 6.72%. Under the heading of Key Trends,
methods such as "Deep Learning" and "Optimizations"
in Al and Automation emphasize the connections
between different areas - technologies such as IoT and
5G show effective application areas in literature.

reflects environmental

Importance,

and sensing
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Figure 9 (b) examines the conceptual structure of
the studies through the connections established
between thematic clusters. Topics including “military
vehicles”, “aircraft detection”, “deep learning” and
“motion planning” in the blue area shows the most
critical role of UAVs in the defense industry. Al-
Turjman et al. (2020) and Yazici et al. (2023) have
demonstrated the strategic importance of UAVs’ huge
data transfer and object detection abilities in military
operations. Also, studies such as Abdulsalam et al.
(2023) and Zaid et al. (2024) have shown that deep
learning algorithms have a very important place,
especially in the development of various autonomous
functions. Concepts such as “remote sensing” and
“photogrammetry” in the same cluster reflect the
relationship between civilian applications and military
reconnaissance activities and connect to topics like
agriculture and environmental monitoring which also
addressed by Uysal et al. (2015) and Yaprak et al.
(2018).
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Figure 9. Conceptual Structure Mapping of UAV Research Themes and Subtopics.

Terms like “controllers,” “flight control systems”
and “optimization” seen in the red zone focus on the
technical design and development of control
mechanisms of UAVs. While Altan & Hacioglu (2020)
focused on the contribution of control algorithms to
UAV stability, Pehlivanoglu (2012) detailed the role of
route optimization in increasing operational efficiency.
The fact that words such as “Matlab” and “flight
simulators” belong to this category implies the level of
design, and simulation steps involved in control
system development. The green area covers energy
efficiency and communications infrastructure of UAV
systems. Important words such as “5G mobile
communication system”, "intelligent systems" and
efficiency” justify the integration of
communications energy management
technologies into UAV systems, investigated by
Alshaibani et al. (2022) and Hamamreh et al. (2019). In
addition, the presence of the term “vehicle-to-vehicle
communications” shows the potential of UAVs in

“energy
and

collaborative systems.
Based on the bibliometric analyses conducted, the
study identifies several key findings. Both Turkey and
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Russia have demonstrated notable growth in UAV-
related scientific output, with Turkey’s research
activity significantly accelerating after 2016, driven by
geopolitical challenges and strategic objectives aimed
at achieving defense independence. In contrast, Russia
maintained a steadier growth trajectory, with an early
emphasis on communication technologies. Strategic
differences between the two countries are evident:
Turkey’s increasingly focuses the
integration of artificial intelligence, 5G networks, and
dual-use military and civilian applications, while

research on

Russia concentrates on strengthening communication
infrastructure and enhancing operational precision.
Additionally, emerging technological themes such as
deep learning, motion planning, and environmental
monitoring are reshaping the UAV research landscape
in both contexts. Collaboration network analyses
further reveal that although domestic partnerships
dominate in both countries, Turkey exhibits broader
international engagement, indicating a more globally
oriented research approach compared to Russia.
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5. Discussion and Conclusion

This research establishes Turkiye and Russia's
technological development gaps, technological
advancement, strategic aims, and industries'
application of UAVs. Even with both nations’
considerable efforts in studying UAVs, the both of
them have moved through a path under a disparate
reality of national capabilities, national aspirations,
and geopolitics.

Russia nailed a leading position in military UAV
technologies, they focus on swarm control systems,
ultra-reliable low-latency communication (uRLLC),
and energy-efficient designs (Izhboldina and Lebedev
2023; Kapitonov et al. 2017). Such development cycle
aligns with Russia's defense-oriented strategy for
secure data transfer and increased battlefield
capability. The accent of words such as "antennas” and
"remote sensing" in Russian UAV studies highlights
how critical it is for it to make communication security,
airspace monitoring, and operational
priorities (Zhukov et al. 2017). Also, the saturation of
research outputs after 2021 (Podlesnykh et al. 2024)
may indicate that Russia has shifted its focus or that
innovations in this area have reached a stage of
diminishing returns.

However, Turkiye has managed to integrate UAV

precision

technologies into a two faceted approach of the
military Adding
intelligence, 5G networks, and optimisation methods,
it has developed multifunctional platforms such as
Bayraktar TB2 and ANKA. These platforms are
deployed for various purposes like disaster response,
agriculture, and infrastructure monitoring
(Abdulsalam et al.,, 2023; Yazici et al, 2023). The
significant hype in UAV related publications after 2016
is directly related to Turkiye’s response to geopolitical
challenges and its goal of technological independence
in the defense industry. However, despite the
interdisciplinary focus, Turkiye’s research on energy
efficiency and control mechanisms is relatively limited,
indicating that there is room for further development
(Altan & Hacioglu, 2020; Uysal et al., 2015).

In competition between both

and civilian sides. artificial

countries in
technological capabilities in such defense technology
areas such as energy management and swarm
management and general sectors of general research in
comparison with Turkiye's success in developing state-
of-the-art technology in artificial intelligence and deep
learning for civilian and defense use, reflects inner and
geopolitical requirements in technological
development. Turkiye's growing use of civilian sectors
such as yields
observation in comparison with a practically purely

agricultural and environment

defense-related orientation in Russia and reflects
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competing future conceptions for UAV technology
(Gyrichidi et al. 2024; Tahir et al. 2023).

The findings of this work have implications for
international development of UAVs, in a larger
context, too. Russia can reorient its direction of work
towards civilian use of its capabilities in secure and
efficient technology
worldwide concerns such as disaster management or
climate change, for instance. Turkiye, for its part, can
develop its technological base through filling gaps in
basic control and efficiency in terms of energy and
become a developing world pioneer in terms of UAV
technology.

Both countries have, in conclusion,
remarkably successful in terms of UAV-related R&D
work. Wherein its overall orientation is monofocal in
terms of its orientation towards industries and sectors,
Turkiye's

and contribute towards

been

orientation is multidimensional and
balanced in terms of its overall orientation towards
sectors and industries. By overcoming its weaknesses
discussed and taking its cross-sectoral utilizations,
Russia and Turkiye will not only maintain its
leadership in terms of UAV technology but contribute
towards developing secure and sustainable worldwide
networks, too.

Future research could extend the findings of this
study by focusing on cross-national collaboration
networks, technology transfer mechanisms, and the
influence of emerging fields such as Al-driven swarm
management on the UAV ecosystem. It is important to
acknowledge that the present findings are limited by
the scope of the Scopus database and the selected
publication timeframe; thus, future studies may benefit
from incorporating additional data sources and
employing longitudinal bibliometric tracking to
capture evolving trends more comprehensively.
Additionally, the divergent trajectories observed
between Turkey and Russia in UAV development
could be further explored through the lens of
innovation system theories and national security
policy frameworks, providing deeper theoretical
insights into the underlying drivers of technological
advancement in each country.
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Abstract

4D printing technology is an innovative manufacturing method that adds the dimension of time to traditional
3D printing, enabling materials to respond to environmental stimuli (such as temperature, humidity, light,
etc.) by changing shape, properties, or functionality. This study examines the fundamental principles of 4D
printing in detail and explores its advantages and potential applications in the context of Unmanned Aerial
Vehicles (UAVs). The foundation of 4D printing lies in the use of smart materials such as shape-memory
polymers, self-healing composites, and hydrogels. These materials allow UAV components to dynamically
adapt to flight conditions through pre-programmed responses. The study also comparatively discusses 4D
printing techniques (FDM, SLA, DIW, SLM) and their suitability for UAV manufacturing. Additionally,
current challenges such as material limitations, the complexity of multi-material printing, and high costs are
addressed, and future research directions are highlighted. In conclusion, 4D printing technology holds
revolutionary potential for improving UAV performance and durability. However, to fully realize this
potential, advancements in material science, printing technologies, and design methods must continue.

Keywords: 4D printing, UAVs, smart materials, additive manufacturing.
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Ozet

4B baski teknolojisi, geleneksel 3B baskiya zaman boyutunu ekleyerek malzemelerin ¢evresel uyaranlara
(s1caklik, nem, 151k vb.) tepki vererek sekil, 6zellik veya islev degistirmesine olanak taniyan yenilikgi bir {iretim
yontemidir. Bu ¢alisma, 4B baskinin temel ilkelerini detayl bir sekilde inceleyerek, Insansiz Hava Araclar
(IHA'lar) baglaminda sundugu avantajlar1 ve uygulama potansiyellerini aragtirmaktadir. 4B baskinin temelini,
sekil hafizali polimerler, kendini onaran kompozitler ve hidrojeller gibi akilli malzemelerin kullanimi1
olusturur. Bu malzemeler, énceden programlanmis tepkiler sayesinde IHA bilesenlerinin ugus kosullarina
dinamik olarak uyum saglamasini miimkiin kilar. Calismada, 4B baski teknikleri (FDM, SLA, DIW, SLM) ve
bu tekniklerin THA iiretimindeki uygunluklari karsilastirmali olarak ele alinmistir. Bunun yani sira, malzeme
sinirlamalari, ¢oklu malzeme baskisinin karmasikligr ve yiiksek maliyet gibi mevcut zorluklar tartisilarak,
gelecekteki aragtirma yonleri vurgulanmistir. Sonug olarak, 4B baski teknolojisi, [HA'larm performansini ve
dayanukliigimi artirmada devrim niteliginde bir potansiyele sahiptir. Ancak bu potansiyelin tam olarak
gerceklestirilebilmesi igin malzeme bilimi, baski teknolojileri ve tasarim yontemlerindeki gelismelerin
stirdiiriilmesi gerekmektedir.

Anahtar Kelimeler: 4D baski, IHA’lar, akilli malzemeler, katmanl {iretim.
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1. Fundamental Principles of 4D Printing

4D printing represents an innovative evolution in
additive the
dimension of time into the fabrication process,
allowing printed objects to change their shape,
properties, or functionality in response to external
stimuli. This technology builds upon the principles of
3D printing by incorporating smart materials, such as
shape-memory polymers, hydrogels, or responsive
composites, which are programmed to react to
environmental triggers like temperature, light, or
humidity (Ryan et al, 2021). The fundamental
principle of 4D printing lies in the precise design and
programming of these materials to achieve predictable,
controlled transformations over time, distinguishing it
from static 3D-printed objects (Mitchell et al., 2018).
This dynamic capability opens new possibilities for
applications requiring adaptability, such as self-
assembling structures, biomedical devices, and
aerospace components. In this section, we provide a

manufacturing by incorporating

detailed overview of 4D printing, its core principles,

and its significance in advancing manufacturing

technologies.
Technological additive

manufacturing have led to significant innovations in

advancements in

various fields, including aerospace, medicine, and
robotics. Among these advancements, 4D printing
technology has emerged as a revolutionary production
method that builds upon the foundation of 3D printing
by the Unlike
conventional 3D-printed objects, which remain static
after fabrication, 4D-printed objects have the ability to
change their shape, properties, or functionality in
response to external stimuli such as temperature, light,
magnetic fields, humidity, pH levels, or electrical
signals (Bodaghi, Mahdi et al., 2024; Khan et al., 2022;
Raina et al., 2021). This transformation is enabled by
integrating smart materials with 3D printing
techniques, allowing the production of adaptive and
reconfigurable structures (Bai & Bu, 2022; Mallakpour
etal., 2021; Momeni et al., 2017; Shinde et al., 2023). For
instance, a study by Bodaghi et al. demonstrated the
use of shape memory polymers in 4D printing to create
self-folding structures that activate under thermal
stimuli, showcasing the technology’s potential for
programmable transformations (Bodaghi et al., 2016).

incorporating time dimension.

The concept of 4D printing was first introduced by
Skylar Tibbits in a TED talk in 2013, where he
emphasized its  potential to
manufacturing by enabling dynamic structures that

revolutionize

evolve over time (Patil & Sarje, 2021). Since then, this
technology has attracted widespread attention from
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academic researchers and industrial sectors. The
primary motivation behind 4D printing is to overcome
the limitations of 3D printing in producing static, rigid
objects. By utilizing smart materials that respond to
environmental stimuli, 4D printing enables objects to
undergo  programmed  transformations, thus
simplifying design, production, and assembly
processes (Subeshan et al., 2021; Wang et al., 2023). A
notable example is the work of Gladman et al., who
developed hydrogel-based 4D-printed
mimicking plant-inspired architectures that bend and
twist in response to humidity changes, highlighting the
precision of stimulus-responsive designs (Gladman et
al., 2017).

UAV  design faces persistent
constraints, including rigid structural configurations
that hinder aerodynamic adaptability, weight
limitations that affect flight efficiency and payload
capacity, and vulnerability to damage in complex
Traditional materials and design
strategies often require complex mechanical systems to

structures

engineering

environments.

achieve reconfigurability, which add to the overall
weight and energy consumption. Additionally,
operational environments such as high turbulence,
extreme temperatures, or physical impacts necessitate
materials that can dynamically respond or self-recover
to maintain performance. These challenges highlight
the need for smart materials capable of adaptive
behaviour, which can be realized through 4D printing
technologies.
UAVs,
witnessed remarkable advancements in recent years.
These autonomous systems are widely used in
commercial, and research applications,
ranging from surveillance and reconnaissance to

commonly known as drones, have

military,

disaster response and cargo delivery. However, UAVs
face several challenges, such as structural adaptability,
weight optimization, and durability in dynamic
environments. Conventional UAV structures rely on
fixed materials that limit their ability to adapt to
changing thereby their
efficiency and operational lifespan (Leist & Zhou, 2016;
Li, S., 2023).

The integration of 4D printing technology into
UAYV design and manufacturing presents a promising
solution to these challenges. By leveraging smart
materials capable of self-adjustment, UAV components

conditions, restricting

can be designed to morph, self-heal, and enhance
aerodynamic performance based on environmental
factors. For example, wings fabricated using 4D
printing could adjust their shape in response to airflow
changes, optimizing lift and manoeuvrability without
the need for additional mechanical components

Turkish Journal of Unmanned Aerial Vehicles



Tiirkiye Insansiz Hava Araclari Dergisi- 2025; 7(1); 16-26

(Antezana et al., 2023; Sahafnejad-Mohammadi et al.,
2022). Similarly, 4D-printed self-healing materials
could enhance UAV durability by repairing minor
damages autonomously, thus reducing maintenance
costs and extending operational longevity (Saritha &
Boyina, 2021).

Various additive manufacturing techniques, such
as  Fused Deposition ~ Modelling (FDM),
Stereolithography (SLA), Direct Ink Writing (DIW),
and Selective Laser Melting (SLM), have been explored
for 4D printing applications (Ryan et al., 2021). Each of
these methods offers distinct advantages depending on
the material properties and functional requirements of
UAV components. Furthermore, advancements in
computational design tools and simulation software,
such as Autodesk Project Cyborg, facilitate the
modelling and optimization of 4D-printed UAV
structures, enabling engineers to predict and refine
their behaviour before fabrication (Zhao et al., 2023).

As 4D printing technology continues to evolve, its
potential to transform UAV manufacturing becomes
increasingly evident. By enabling dynamic, adaptive,
and multifunctional structures, this technology paves
the way for next-generation UAVs that are lighter,
more efficient, and capable of operating in complex
environments. This paper explores the fundamental
principles of 4D printing, its underlying smart
materials, and its application possibilities in UAVs.
Additionally, the challenges and prospects of
integrating 4D printing in UAV design will be
discussed, highlighting its potential to revolutionize
the aerospace industry.

2. 4D Printing Techniques

4D printing refers to additive manufacturing
processes that enable smart materials to change their
shape or properties over time, with various 3D printing
techniques such as FDM, DIW, SLA, and SLM being of
critical importance in this field (Figure 1). FDM falls
under the category of material extrusion and operates
the and depositing
thermoplastic or thermoset polymer filaments layer by
layer. Commonly used thermoplastics such as PLA,
and particularly Shape Memory Polymers (SMPs), are
frequently employed for 4D printing applications (Fu
et al.,, 2022; Joharji et al.,, 2022). Composites such as
CNT/PLA filaments have been printed using FDM for
electro-active shape recovery through Joule heating.
Various SMP materials, including PLA/PCL and
TPU/PLA/CNT, have
advantages of FDM include ease of processing, cost-

on principle of heating

also been utilized. The

effectiveness, recyclability of products, and a wide
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range of material options (Fu et al, 2022). Its
disadvantages include low resolution (~100 pm), poor
surface quality, the need for post-processing, and
inferior mechanical properties; print resolution can be
influenced by parameters such as raster angle and
build orientation (Joharji et al., 2022; Khorsandi et al.,
2021). It has been utilized in various applications,
including prosthetics, implants, and automotive
components (Megdich et al., 2023). Additionally, it is
also suitable for producing bone scaffolds using porous
PLA structures formed with chemical foaming agents
or by combining PLA with alginate hydrogel (Khalid et
al., 2022). DIW is a material extrusion technique that
typically involves by depositing liquid or paste-like
inks (photo- or thermo-curable) under pressure. It is a
highly sought-after method, particularly for 4D
printing of Liquid Crystal Elastomers (LCEs), and can
be used with various inks containing polymer, ceramic,
or metal particles (Fu et al., 2022). Azobenzene-
functionalized LCEs are light-sensitive and undergo
shape transformation upon exposure to light. Disk and
log-pile structures printed via DIW can exhibit
shrinkage with increasing temperature. The flexibility
in material selection and the capability to print
multiple materials are among the key advantages of
this method (Joharji et al., 2022). The disadvantages of
DIW include low print quality, reduced resolution, and
difficulties in printing complex 3D geometries. Its
potential has been highlighted in the fields of
biomimetic components, robotics, electronics, and
biomedical engineering. DIW has also been employed
shape-shifting using
biodegradable shape memory polymers (Fu et al,
2022). Porous magnetic structures composed of TPU
and NdFeB composite powders have been designed

to fabricate structures

using DIW for self-powered electromagnetic devices.
SLA falls the  category  of
photopolymerization and offers high resolution and
good  print liquid
photocurable resins layer by layer using UV lasers or
light. It is one of the most popular 4D printing
techniques after material extrusion. It is suitable for 4D
printing of SMPs, hydrogels, and biodegradable smart
polymers. SLA-based technology has been reported for
the fabrication of biodegradable smart polymer
materials in disposable UAV systems. DLP (Digital
Light Processing), a technique like SLA, cures an entire

under vat

quality by polymerizing

layer simultaneously, which results in faster printing
and higher throughput; DLP has been used for SMPs
and hydrogels. The high-resolution Projection Micro
Stereolithography technique is also derived from SLA
and is used for printing SMP-based microstructures.
The disadvantages of SLA include resin waste, higher
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cost compared to other methods, and the need for
careful handling due to photosensitive monomers.
However, methods such as FDM, which do not use
resin, are suggested to potentially be safer with respect
to residual monomers that may cause irritation (Khalid
et al.,, 2022; Khorsandi et al., 2021). SLA and related
techniques are also widely used in various biomedical
and dental applications, such as dental ceramics,
dental scaffolds, surgical guides, and prosthetics (Hada
et al.,, 2020; Kruth et al., 2005). SLM (Selective Laser
Melting) is one of the powder bed fusion techniques
and forms layers by melting metal powders with a
laser. It is particularly used for the fabrication of metal
components. The advantages of SLM include its
suitability for powder processing and high mechanical
strength. However, disadvantages
dimensional accuracy and longer printing times. It has
been employed in the 4D printing of shape memory
alloys such as TiNi (Speirs et al., 2017). Additionally, it
has also been used in biomedical applications—
alongside Selective Laser Sintering (SLS)—

its are low

for metal
dental prostheses such as Co-Cr alloys, porous
tantalum and titanium implants, and customized
dental implants (Kruth et al., 2005). In general, each of
these techniques has distinct material compatibilities,
advantages, and disadvantages, and the selection of a
particular method for a 4D printing application
depends on factors such as the desired shape-
morphing behavior, functionality, and material
characteristics. For instance, the use of SLA-based

technology in the fabrication of biodegradable smart
polymer materials for disposable UAV wings can
by
manufacturing, enhanced accuracy, minimal waste,
and optimized cost/customization/structural integrity.
Table 2 provides a comparative overview of these
techniques, offering guidance to UAV designers on
which method is suitable for specific applications.

Filament
Heating

-

simplify ~ production enabling  automated

SLA SLS

Platform

Pneumahc —
Laser -~ ™

I_I Resin
Laser

FDM

Roller | == | Powder

Platform

*Extrusion-based

*Composite filaments

sLow cost,
widespread and
accessible

#Poor surface quality,
layer marks visible

*Wide choice of
materials

DIW

*Generally low print
speed

.
Figure 1. FDM, DIW, SLA and SLS printing techniques
(Wu et al., 2025).

Table 2. Analysis of 4D Printing Techniques used in UAV Manufacturing (Frazier, 2014; Khoo et al., 2015; Lewis,

2006; Melchels et al., 2010).

Technique Compatible Materials Printing Speed Suitability for UAV Components
- Suitable for adaptive wings and lightweight
FDM SMPs, Thermoplastics 20-50 mm/s components
-Low-cost prototyping
- High precision for small components (e.g., sensor
SLA Photopolymers, Hydrogels 50-100 mm/s covers)
- Smooth surfaces for aerodynamic parts

DIW Self-Healing Composites, 5-20 mm/s - Idf:al for self-healing panels

Hydrogels - Flexible and complex structures
SLM SMAs, Metal Powders 10-40 mm/s - Suitable for durable actuators and supports

- High mechanical strength

3. Advanced Materials, Structural Adaptability, and
Performance Innovations

The integration of 4D printing technology into
UAVs opens new horizons in aerospace engineering,
offering advancements in material selection, structural
adaptability, aerodynamics, energy efficiency, and
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modularity. One of the fundamental aspects of 4D
printing is the use of smart materials such as shape-
memory polymers, self-healing composites, hydrogels,
and SMAs. Schematic representation of the shape-
memory effect is shown in Figure 2. However, not all
3D printing methods are equally suited for 4D printing,
as the technology demands compatibility with stimuli-
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responsive materials and dynamic structural
capabilities (Tibbits, 2014). For instance, while FDM is
widely accessible, its reliance on thermoplastics like
PLA or ABS limits its ability to process shape-memory
polymers or hydrogels, which are critical for 4D-
printed UAV components (Ge et al., 2013). Similarly,
SLA excels in precision but struggles with flexible or
biocompatible photopolymers, restricting its use in
morphing wing applications (Zarek et al., 2015) These
materials contribute to improved structural resilience,
reducing maintenance requirements and enhancing
UAV longevity by autonomously repairing minor
damages (Ebeid & James, 2023; Lin et al., 2024). For
example, Zang and colleagues developed a self-healing
double-network
suitable

shape memory polymer system

for high-resolution 4D printing. By
incorporating linear polycaprolactone polymer into a
methacrylate-based rigid SMP structure, they
demonstrated that more than 90% of structural damage
could be repaired (Zhang et al., 2019). The schematic
representation of the self-healing mechanism is
provided in Figure 3. The success of such applications
hinges on selecting printing methods that preserve the
stimuli-responsive properties of these materials, as
SLS—despite durability —often
produces static structures incompatible with dynamic
4D behaviours (Momeni et al., 2017).

Additionally, aerodynamic optimization plays a
crucial role in UAV efficiency, where shape-morphing

traditional its

wings and airframes can reduce drag, improve lift, and
flight
conditions. Additionally, aerodynamic optimization
plays a crucial role in UAV efficiency, where shape-
morphing wings and airframes can reduce drag,
improve lift, and optimize manoeuvrability in
changing flight conditions (Hoa et al., 2022). A notable
study by Han et al. developed a shape-memory alloy-
based morphing wing for UAVs to
aerodynamic inefficiencies during variable flight
speeds. As a result, they achieved a 5.8% increase in
lift-to-drag ratio at angles of attack above 5°, improving
flight performance (Han et al., 2016).

Beyond aerodynamic benefits, 4D-printed UAVs

optimize manoeuvrability in changing

address

can adapt their mission capabilities, enabling real-time
shape transformation to accommodate different
payloads and operational needs. This adaptability is
particularly advantageous in military, search and
rescue, and commercial applications where modular
designs allow drones to switch functionalities
seamlessly (Goh et al., 2017; Zaharia et al., 2023).
Furthermore, energy efficiency is significantly
improved through innovations like adaptive solar
panels, which optimize sunlight absorption based on
UAV orientation, and morphing rotor blades that
enhance propulsion efficiency (Chen et al., 2024).

The material's recovery of
its original shape at high
temperature

& = ) \
Cooling to . —“—

martensite Orginal shape at

phase low temperature

Deformation

-
Heating to
austenite phase

h

9@

_

Deformation at
low temperature

Figure 2. Macroscopic illustration of the phase transformation process in shape memory alloys.

Extrinsi * An encapsulated healing agent dispersed in the matrix
Capsule-Based ( sic) is realised when some damage occurs, sealing it.
*Based on the chemistry of dynamic bonds and reversible
supermolecular networks, which can be restored under
external stimuli.

Intrinsic

*The heating agent relies on a vascular network system

Vascular-Based (Extrinsic) such as fibers or nanotubes

Combined *The new generation of different self-healing systems.

Figure 3. Self-healing mechanism.
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Table 1. Properties of smart materials for 4D printing in UAV applications.

Advantages in

Disadvantages in

Material Type Stimulus Mechanical Strength Density UAV UAV
Applications Applications
- Shape morphing -Low
for adaptive wing environmental
Shape Memory 10-100 MPa (Liuet  ~1.2 g/cm® (Huang structures durability
Polymers (SMPs) Heat, Light al,, 2007) et al,, 2012) -Aerlod.yna.mlc - Susceptible t.o
optimization repeated cyclic
-Lightweight (Yan = deformation (Yan
et al., 2023) et al., 2023)
- Autonomous
crack repair
- Extended - Long repair
Self-Healing Heat,‘ 50-200 MPa (Heo ot ~1.1 g/em® (Li, G., lifespan times (hours)
. Mechanical al., 2016; Norris et al., . !
Composites Stress 2011) 2014) - Reduced - High production
maintenance costs  costs (Sabet, 2024)
(Sabet, 2024; Tan
et al., 2021)
- Lightweight and - Low mechanical
flexible strength
1 - 3
Hydrogels Moisture, pH <1 MPa (Yinetal, 1.3 gfem’ (Cates, -Biocompatibility - Limited use in
2013) 2010) .
-Environmental structural
sensor integration applications
(Chenetal., 2024) (Chen et al., 2024)
- High . - High weight
strength/weight
S atio - Complex
SMAs Heat, 500-1000 MPa (Yi &  ~6.5 g/cm?3 (Chu et Fast response manufacturing
Electrical Kim, 2021) al., 2004) . P process
time . .
- High cost (Yi &
- Actuator ,
. . Kim, 2021)
applications (Yi &
Kim, 2021)

Another transformative aspect of 4D printing is the
development of collapsible and self-assembling UAVs,
which are highly beneficial for compact transportation
and rapid deployment in inaccessible areas (Yi & Kim,
2021). These UAVs can be stored in minimal space and
autonomously expand into their operational
configurations when required. Moreover,
manufacturing, 4D printing revolutionizes UAV
production by enabling rapid prototyping, cost-
effective customization, and on-demand production of
specialized UAV components (Ebeid & James, 2023).
This innovation accelerates development cycles and
reduces dependency on traditional manufacturing
constraints.

in

Despite its immense potential, integrating 4D
printing into UAV  development still
technological and material challenges. However, as
the
techniques, enhanced computational modelling, and

faces
research progresses, refinement of printing

the discovery of new responsive materials will
continue to push the boundaries of UAV innovation.

Overall, 4D printing has the potential to
revolutionize ~ UAV  technology by enabling
autonomous adaptation, enhanced durability,
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optimized flight performance, and mission-specific
configurability. As highlighted by Gladman et al., the
future of 4D-printed UAVs lies in merging advanced
with scalable,
methods to overcome current limitations (Sydney
Gladman et al., 2016). The aerospace industry is poised
to witness the emergence of next-generation UAVs that

materials high-precision printing

are lighter, smarter, and more efficient than ever before
(Yan et al., 2023).

4. Challenges and Limitations in UAV Applications

The development of 4D printing technology is
closely linked to advancements in smart materials.
However, the variety of smart materials suitable for 4D
printing is still limited. In UAV applications, there is a
biocompatible,
biodegradable, and durable smart materials. These
materials must be capable of providing fast, consistent,
and predictable responses to environmental stimuli

strong demand for lightweight,

while maintaining high mechanical strength. For
instance, biocompatible and biodegradable materials
are critical for UAVs used in ecological research, such
as monitoring protected natural reserves, where
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components must degrade without leaving harmful
residues to avoid disrupting delicate ecosystems. A
concrete example is the work of Rajendran et al., who
developed a biodegradable shape-memory polymer
for 4D-printed UAV wing components for disposable
UAV systems in environmental monitoring. Their
material, a PLA-based composite, achieved complete
biodegradation within approximately 1 year under
natural conditions while enabling thermally triggered
shape morphing for adaptive flight, thus ensuring
minimal environmental impact (Ebeid & James, 2023).
Some smart materials currently struggle to meet these
requirements, leading to concerns about their long-
term stability and durability (Khare et al., 2017; Pei &
Loh, 2018; Ryan et al., 2021)

Furthermore, the integration of multiple materials
in a single 4D-printed UAV component introduces
additional challenges. Combining different materials
in the same printing process can lead to compatibility
issues, adhesion problems, and difficulties in
controlling material reactions. This
requires further research into multi-material 4D

complexity

printing techniques and the development of new
material combinations specifically designed for UAV
applications (Khare et al., 2017; Pei & Loh, 2018; Ryan
et al., 2021).

Despite the broad application potential offered by
4D printing technology in UAVs, it faces certain
challenges and limitations. These challenges range
from technological constraints to material limitations
and barriers in manufacturing processes. Addressing
these issues is crucial for the successful integration of
4D printing into UAV development and production.

The effectiveness of 4D printing techniques in
UAV manufacturing depends on factors such as
material compatibility, speed, and cost of the selected
method. 4D printing requires precise control of the
shape-changing processes of printed objects. This
control is achieved by accurately adjusting the material
properties, environmental stimuli, and printing
parameters. Therefore, 4D printing systems need more
complex and sophisticated control mechanisms.
Although existing 4D printing technologies are
generally suitable for small-scale prototypes and
specialized applications, they still face challenges in
large-scale production. In the UAV industry, scalability
issues must be resolved to enable the widespread
adoption of 4D-printed components in commercial and
military drones (Pei & Loh, 2018).

Another major technological limitation is the need
for advanced software tools to accurately simulate the
behaviour of 4D-printed objects and optimize designs.
Existing software often struggles to model complex
geometries and multi-material interactions, making it
difficult to predict how 4D-printed UAV components
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different conditions. More

sophisticated and user-friendly simulation tools must

will behave under
be developed to improve design precision and
efficiency (Pei & Loh, 2018).

Not all existing 3D printing methods are suitable
for 4D printing. Some
techniques are unable to process certain types of smart
materials or support shape-changing processes that
require precise control. As a result, new printing
methods specifically designed for 4D printing
applications must be developed. For UAV
manufacturing, this includes optimizing printing
techniques to produce aerodynamically efficient,
lightweight, and structurally resilient components.
Additionally, 4D printing processes can be time-
consuming, particularly for complex geometries and
multi-material applications. This can significantly
increase production costs and limit industrial-scale
applicability. speeds
enhancing manufacturing efficiency are critical for
making 4D printing a viable solution for UAV
production. Moreover, errors that occur during the

conventional printing

Improving  printing and

printing process can negatively impact the shape-
changing performance and durability of UAV
components. To address this,
systems and real-time process monitoring techniques
must be implemented to improve print quality and
reliability (Bodaghi, et al., 2024; Pei & Loh, 2018; Ryan
etal., 2021).

advanced control

5. Application Areas and Potential Usage Scenarios
in UAVs

One of the most promising applications of 4D
printing in UAVs is the development of adaptive wing
structures. Traditional UAV wings are static and
designed for specific flight conditions. However, with
4D printing, wings can be engineered to change shape
in response to environmental factors such as wind
speed, temperature, or altitude. This adaptability can
improve aerodynamic efficiency, reduce energy
consumption, and extend the flight range of UAVs. For
instance, wings that adapt their shape mid-flight to
improve lift and reduce drag can greatly boost the
efficiency of long-endurance drones deployed for
surveillance or delivery tasks (Bai & Bu, 2022; Li, S.,
2023).

Another significant advantage of 4D printing is its
ability to enable the production of self-assembling
UAVs, which can be particularly useful in military
applications or disaster response scenarios. These
UAVs can be compactly stored and transported, and
upon deployment, they can automatically assemble
into their operational form. This capability is crucial for
rapid deployment in remote or inaccessible areas
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where traditional assembly methods are impractical,
offering a practical solution for time-sensitive missions
(Li, 2023; Wang et al., 2023).

In addition to structural adaptability, 4D printing
facilitates the use of lightweight yet durable materials,
which are essential for maximizing UAV payload
capacity and flight efficiency. Smart materials
produced through 4D printing can be both lightweight
and capable of self-healing or adapting to stress. For
instance, a UAV frame made from self-healing
materials can repair minor damage incurred during
flight, thereby increasing the lifespan and reliability of
the drone and reducing maintenance needs (Momeni et
al,, 2017; Raina et al., 2021; Sahafnejad-Mohammadi et
al., 2022).

Energy efficiency is another area where 4D
printing can make a substantial impact on UAV
performance. This technology can be used to create
energy-efficient components, such as adaptable solar
panels, which can change their shape and orientation
to maximize sunlight absorption. Such panels can
extend the flight time of solar-powered drones, making
them particularly beneficial for long-duration missions
like environmental monitoring or border surveillance
(Li, S., 2023; Sahafnejad-Mohammadi et al., 2022).

Furthermore, 4D printing enables the production
of customizable payload systems, addressing the
diverse needs of UAV missions. UAVs often need to
carry different types of payloads depending on their
objectives, and 4D printing allows for payload systems
that can adapt to various shapes and sizes. For
example, a UAV designed for agricultural monitoring
can have a payload system that adjusts to carry
different sensors or cameras, depending on the specific
requirements of the mission, enhancing operational
flexibility (Aldawood, 2023; Sahafnejad-Mohammadi
et al., 2022; Saritha & Boyina, 2021).

As 4D printing technology continues to evolve, its
potential to transform UAV manufacturing becomes
increasingly evident. By enabling dynamic, adaptive,
and multifunctional structures, this technology paves
the way for next-generation UAVs that are lighter,
more efficient, and capable of operating in complex
This paper further the
fundamental principles of 4D printing, its underlying
smart materials, and its application possibilities in
UAVs, while also discussing the challenges and
prospects of integrating 4D printing into UAV design,
the

environments. explores

highlighting its revolutionize
aerospace industry.

The high cost of 4D printing technology currently
limits its commercial applicability in UAV

manufacturing. Smart material costs, specialized

potential to

printing equipment, and the development of advanced
software tools contribute to the overall expense of the
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technology. To facilitate broader adoption, research is
needed to make 4D printing more cost-effective by
optimizing material production, reducing waste, and
improving printing efficiency. Finally, 4D printing
requires a different set of knowledge and skills
compared to traditional design and engineering
approaches. UAV designers must have a deep
understanding of smart materials, environmental
interactions, and 4D printing processes. Therefore,
specialized training programs and interdisciplinary
research efforts are essential to build expertise in 4D
printing applications for UAVs. Developing a
workforce proficient in this technology will be key to
overcoming current challenges and unlocking its full
potential in UAV development (Bodaghi, Mahdi et al.,
2024; Pei & Loh, 2018; Ryan et al., 2021).

6. Conclusion

4D printing represents a groundbreaking
advancement in additive manufacturing, offering
unparalleled opportunities for creating adaptive and
UAV through the
integration of smart materials. This study underscores

multifunctional structures

the technology’s potential to revolutionize aerospace
engineering by enabling UAVs with adaptive

aerodynamics, self-assembling capabilities, self-
healing components, and energy-efficient designs,
thereby enhancing operational efficiency and

longevity. However, significant challenges, including
the limited availability of lightweight and durable

smart materials, complexities in multi-material
printing processes, and high production costs,
currently impede its widespread adoption.
Overcoming these barriers requires sustained
advancements in material science, printing

technologies, and computational modelling, coupled
with investment in interdisciplinary education to
develop a skilled workforce. By fostering collaboration
among material scientists, engineers, and industry
stakeholders, 4D printing can unlock the full potential
of next-generation UAVs, paving the way for smarter,
more resilient, and sustainable autonomous flight
solutions in both commercial and defense applications.
In the future, the integration of Al-driven design
algorithms into 4D printing processes may enable more
precise prediction of material behaviors, opening new
research avenues for the development of UAV systems
that can intelligently respond to environmental stimuli.

Authors' Contribution

The authors declare that they have contributed equally
to the article.

Turkish Journal of Unmanned Aerial Vehicles



Tiirkiye Insansiz Hava Araclari Dergisi- 2025; 7(1); 72-80

Conflict of Interest Statement
There is no conflict of interest among the authors.
Research and Publication Ethics Statement

The study has been conducted in accordance with
research and publication ethics

References

Aldawood, F. K. (2023). A comprehensive review of 4D
printing: State of the arts, opportunities, and
challenges. Paper presented at the Actuators.

Antezana, P. E., Municoy, S., Ostapchuk, G., Catalano, P.
N., Hardy, J. G., Evelson, P. A., & Desimone, M. F.
(2023). 4D printing: The development of responsive
materials using 3D-printing technology.
Pharmaceutics, 15(12), 2743.

Bai, J., & Bu, G. (2022). Progress in 4D printing technology.
Journal of Advanced Manufacturing Science &
Technology, 2(1), 2022001-2022001.

Bodaghi, M., Damanpack, A., & Liao, W. (2016). Self-
expanding/shrinking structures by 4D printing.
Smart Materials and Structures, 25(10), 105034.

Bodaghi, M., Wang, L., Zhang, F., Liu, Y., Leng, J., Xing,
R., & Hoa, S. V. (2024). 4D printing roadmap. Smart
Materials and Structures, 33(11), 113501.

Cates, R. S. (2010). Influence of crosslink density on
swelling and conformation of surface-constrained
poly(N-isopropylacrylamide) hydrogels.
[Unpublished doctoral dissertation].

Chen, J., Virrueta, C., Zhang, S., Mao, C., & Wang, J.
(2024). 4D printing: The spotlight for 3D printed
smart materials. Materials Today.

Chu, C,, Chung, C., & Lin, P. (2004). Influences of solution
treatment on compressive properties of porous NiTi
shape memory alloy with the porosity of 53.4 vol%
fabricated by combustion synthesis. Journal of
Materials Science, 39(15), 4949-4951.

Ebeid, M., & James, S. (2023). Design for 4D printing of
biodegradable shape memory polymers
disposable UAV systems. Polymers, 15(17), 3562.

Frazier, W. E. (2014). Metal additive manufacturing: A
review. Journal of Materials Engineering and
Performance, 23, 1917-1928.

Fu, P, Li, H,, Gong, J., Fan, Z., Smith, A. T., Shen, K, &
McCutcheon, J. R. (2022). 4D printing of polymers:
Techniques, materials, and prospects. Progress in
Polymer Science, 126, 101506.

Ge, Q., Qi, H.]., & Dunn, M. L. (2013). Active materials by
four-dimension printing. Applied Physics Letters,
103(13).

Gladman, A., Matsumoto, E. A., Mahadevan, L., & Lewis,
J. A. (2017). Biomimetic 4D printing. Nature Materials,
15(4), 413-418.

Goh, G. D., Agarwala, S., Goh, G. L., Dikshit, V., Sing, S.
L., & Yeong, W.Y. (2017). Additive manufacturing in

for

24

unmanned aerial vehicles (UAVs): Challenges and
potential. Aerospace Science and Technology, 63, 140
151.

Hada, T., Kanazawa, M., Iwaki, M., Arakida, T., Soeda, Y.,
Katheng, A. & Minakuchi, S. (2020). Effect of
printing direction on the accuracy of 3D-printed
dentures using stereolithography technology.
Materials, 13(15), 3405.

Han, M.-W., Rodrigue, H., Kim, H.-I., Song, S.-H., & Ahn,
S.-H. (2016). Shape memory alloy/glass fiber woven
composite for soft morphing winglets of unmanned
aerial vehicles. Composite Structures, 140, 202-212.

Heo, Y., Malakooti, M. H., & Sodano, H. A. (2016). Self-
healing polymers and composites for extreme
environments. Journal of Materials Chemistry A, 4(44),
17403-17411.

Hoa, S., Abdali, M., Jasmin, A., Radeschi, D., Prats, V.,
Faour, H., & Kobaissi, B. (2022). Development of a
new flexible wing concept for unmanned aerial
vehicle using corrugated core made by 4D printing
of composites. Composite Structures, 290, 115444.

Huang, W. M,, Yang, B., & Fu, Y. Q. (2012). Polyurethane
shape memory polymers. CRC Press.

Joharji, L., Mishra, R. B., Alam, F., Tytov, S., Al-Modaf, F.,
& El-Atab, N. (2022). 4D printing: A detailed review
of materials, techniques, and applications.
Microelectronic Engineering, 265, 111874.

Khalid, M. Y., Arif, Z. U., Noroozi, R., Zolfagharian, A., &
Bodaghi, M. (2022). 4D printing of shape memory
polymer composites: A review on fabrication
techniques, applications, and future perspectives.
Journal of Manufacturing Processes, 81, 759-797.

Khan, M. S.,, Khan, S. A., Shabbir, S., Umar, M.,
Mohapatra, S., Khuroo, T., & Mirza, M. A. (2022).
Raw materials, technology, healthcare applications,
patent repository and clinical trials on 4D printing
technology: An updated review. Pharmaceutics, 15(1),
116.

Khare, V., Sonkaria, S., Lee, G.-Y., Ahn, S.-H., & Chu, W.-
S. (2017). From 3D to 4D printing — Design, material
and fabrication for multi-functional multi-materials.
International Journal of Precision Engineering and
Manufacturing-Green Technology, 4, 291-299.

Khoo, Z. X., Teoh, J. E. M,, Liu, Y., Chua, C. K,, Yang, S,,
An, ], & Yeong, W. Y. (2015). 3D printing of smart
materials: A review on recent progresses in 4D
printing. Virtual and Physical Prototyping, 10(3), 103-
122.

Khorsandi, D., Fahimipour, A., Abasian, P., Saber, S. S,,
Seyedi, M., Ghanavati, S., & Leonova, A. (2021). 3D
and 4D printing in dentistry and maxillofacial
surgery: Printing techniques, materials, and
applications. Acta Biomaterialia, 122, 26-49.

Kruth, J.-P., Vandenbroucke, B., Van Vaerenbergh, J., &
Naert, I. (2005). Rapid manufacturing of dental
prostheses by means of
sintering/melting. Paper presented at the 11émes Assises
Européennes du Prototypage Rapide.

selective  laser

Turkish Journal of Unmanned Aerial Vehicles



Tiirkiye Insansiz Hava Araclari Dergisi- 2025; 7(1); 72-80

Leist, S. K., & Zhou, J. (2016). Current status of 4D printing
technology and the potential of light-reactive smart
materials as 4D printable materials. Virtual and
Physical Prototyping, 11(4), 249-262.

Lewis, J. A. (2006). Direct ink writing of 3D functional
materials. Advanced Functional Materials, 16(17),
2193-2204.

Li, G. (2014). Self-healing composites: Shape memory polymer-
based structures. John Wiley & Sons.

Li, S. (2023). Review on development and application of
4D-printing technology in smart textiles. Journal of
Engineered Fibers and Fabrics, 18, 15589250231177448.

Lin, L, Yan, ], & Qiu, S. (2024). Programming the
deformation of the temperature driven spiral
structure in 4D printing. Smart Materials and
Structures, 33(10), 105022.

Liu, C.,, Qin, H., & Mather, P. T. (2007). Review of progress
in shape-memory polymers. Journal of Materials
Chemistry, 17(16), 1543-1558.

Mallakpour, S., Tabesh, F., & Hussain, C. M. (2021). 3D
and 4D printing: From innovation to evolution.
Advances in Colloid and Interface Science, 294, 102482.

Megdich, A., Habibi, M., & Laperriere, L. (2023). A review
on 4D printing: Material structures, stimuli and
additive manufacturing techniques. Materials Letters,
337,133977.

Melchels, F. P., Feijen, J., & Grijpma, D. W. (2010). A
review on stereolithography and its applications in
biomedical engineering. Biomaterials, 31(24), 6121-

6130.
Mitchell, A, Lafont, U, Hotynska, M., &
Semprimoschnig, C. (2018). Additive

manufacturing— A review of 4D printing and future
applications. Additive Manufacturing, 24, 606—626.

Momeni, F., Liu, X.,, & Ni, J. (2017). A review of 4D
printing. Materials & Design, 122, 42-79.

Norris, C. J., Meadway, G. ]., O'Sullivan, M. J., Bond, L. P.,
& Trask, R. S. (2011). Self-healing fibre reinforced
composites via a bioinspired vasculature. Advanced
Functional Materials, 21(19), 3624-3633.

Patil, A. N., & Sarje, S. (2021). Additive manufacturing
with shape changing/memory materials: A review
on 4D printing technology. Materials Today:
Proceedings, 44, 1744-1749.

Pei, E., & Loh, G. H. (2018). Technological considerations
for 4D printing: An overview. Progress in Additive
Manufacturing, 3, 95-107.

Raina, A., Haq, M. L. U,, Javaid, M., Rab, S., & Haleem, A.
(2021). 4D printing for industry
applications. Journal of the Institution of Engineers
(India): Series D, 1-9.

Ryan, K. R.,, Down, M. P., & Banks, C. E. (2021). Future of
additive manufacturing: Overview of 4D and 3D
printed smart and advanced materials and their

automotive

applications. Chemical Engineering Journal, 403,
126162.
Sabet, M. (2024). Unveiling advanced self-healing

mechanisms in graphene polymer composites for

25

next-generation  applications  in
automotive, and electronics.  Polymer-Plastics
Technology and Materials, 63(15), 2032-2059.

Sahafnejad-Mohammadi, [, Karamimoghadam, M.,
Zolfagharian, A., Akrami, M., & Bodaghi, M. (2022).
4D printing technology in medical engineering: A
narrative review. Journal of the Brazilian Society of
Mechanical Sciences and Engineering, 44(6), 233.

Saritha, D., & Boyina, D. (2021). A concise review on 4D
printing technology. Materials Today: Proceedings, 46,
692-695.

Shinde, S., Mane, R., Vardikar, A., Dhumal, A., & Rajput,
A. (2023). 4D printing: From emergence to
innovation over 3D printing. European Polymer
Journal, 112356.

Speirs, M., Van Hooreweder, B., Van Humbeeck, J., &
Kruth, J.-P. (2017). Fatigue behaviour of NiTi shape
memory alloy scaffolds produced by SLM: A unit
cell design comparison. Journal of the Mechanical
Behavior of Biomedical Materials, 70, 53-59.

Subeshan, B., Baddam, Y., & Asmatulu, E. (2021). Current
progress of 4D-printing technology. Progress in
Additive Manufacturing, 6, 495-516.

Sydney Gladman, A., Matsumoto, E. A., Nuzzo, R. G,,
Mahadevan, L., & Lewis, J. A. (2016). Biomimetic 4D
printing. Nature Materials, 15(4), 413—418.

Tan, Y. J., Susanto, G. J.,, Anwar Ali, H. P.,, & Tee, B. C.
(2021). Progress and roadmap for intelligent self-
healing materials in autonomous robotics. Advanced
Materials, 33(19), 2002800.

Tibbits, S. (2014). 4D printing: Multi-material shape
change. Architectural Design, 84(1), 116-121.

Wang, H., Zhao, J., Luo, Z., & Li, Z. (2023). Recent research

developments of 4D printing technology for

magnetically controlled smart materials: A review.

Magnetochemistry, 9(8), 204.

T., Sugiarto, S., Yang, R. Sathasivam, T,
Weerasinghe, U. A., Chee, P. L., & Kai, D. (2025).
From 3D to 4D printing of lignin towards green
materials and sustainable manufacturing. Materials
Horizons.

Yan, S., Zhang, F., Luo, L., Wang, L., Liu, Y., & Leng, J.
(2023). Shape memory polymer composites: 4D
printing, smart structures, and applications.
Research, 6, 0234.

Yi, H., & Kim, Y. (2021). Prototyping of 4D-printed self-
shaping building skin in architecture: Design,
fabrication, and investigation of a two-way shape
memory composite (TWSMC) fagade panel. Journal
of Building Engineering, 43, 103076.

Yin, H., Akasaki, T., Sun, T. L., Nakajima, T., Kurokawa,
T.,, Nonoyama, T.,, & Gong, J. P. (2013). Double
network hydrogels from polyzwitterions: High
mechanical strength and excellent anti-biofouling
properties. Journal of Materials Chemistry B, 1(30),
3685-3693.

Zaharia, S.-M., Pascariu, 1. S., Chicos, L.-A., Buican, G. R.,
Pop, M. A, Lancea, C., & Stamate, V. M. (2023).

aerospace,

Wu,

Turkish Journal of Unmanned Aerial Vehicles



Tiirkiye Insansiz Hava Araclari Dergisi- 2025; 7(1); 72-80

Material extrusion additive manufacturing of the
composite UAV used for
missions. Drones, 7(10), 602.

Zarek, M., Layani, M., Cooperstein, 1., Sachyani, E., Cohn,
D., & Magdassi, S. (2015). 3D printing of shape
memory polymers for flexible electronic devices.
Advanced Materials, 28(22), 4449-4454.

Zhang, B., Zhang, W., Zhang, Z., Zhang, Y .-F., Hingorani,
H., Liu, Z, & Ge, Q. (2019). Self-healing four-
dimensional printing with an ultraviolet curable

oNolel

search-and-rescue

© Author(s) 2025.

26

double-network shape memory polymer system.
ACS Applied Materials & Interfaces, 11(10), 10328-
10336.

Zhao, W., Yue, C, Liu, L, Liu, Y., & Leng, J. (2023).
Research progress of shape memory polymer and 4D
printing in biomedical application. Advanced
Healthcare Materials, 12(16), 2201975.

This work is distributed under https://creativecommons.org/licenses/by-sa/4.0/

Turkish Journal of Unmanned Aerial Vehicles


https://creativecommons.org/licenses/by-sa/4.0/

Arastirma Makalesi (Research Article)
DOI: 10.51534/tiha.1708092

Turkish Journal of Unmanned Aerial Vehicles

=7

Tiirkiye Insansiz Hava Araglar1 Dergisi
https://dergipark.org.tr/tr/pub/tiha

e-ISSN 2687-6094

Antik Kentlerin Giris Kapilarinin Insansiz Hava Araclar ile U¢ Boyutlu Modellenerek

Belgelenmesi: Anavarza Oren Yeri Zafer Kapis1 Ornegi

Safak Fidan

1 Mersin Universitesi, Teknik Bilimler Meslek Yiiksek Okulu, Mimarlik ve Sehir Planlama Boliimii, Harita ve Kadastro Programu, 33110,
Mersin, Tiirkiye; (safakfidan@mersin.edu.tr)

A
5= check for

v updates

*Sorumlu Yazar:
safakfidan@mersin.edu.tr

Arastirma Makalesi

Alintr: Fidan, S. (2025). Antik
Kentlerin Giris Kapilarinin
Insansiz Hava Araclar ile Ug
Boyutlu Modellenerek
Belgelenmesi: Anavarza Oren
Yeri Zafer Kapisi Ornegi.
Tiirkiye Insansiz Hava Araglart

Dergisi, 7(1), 27-38.

Gelis :22.03.2025
Revize :19.05.2025
Kabul :28.05.2025
Yaymlama  :30.06.2025

Ozet

Bu calisma, Adana ili simirlarinda yer alan Anavarza Antik Kenti'ndeki {i¢ kemerli Roma yapis1 Zafer
Kapisi'nin Insansiz Hava Araci (IHA) tabanli fotogrametri yéntemiyle ii¢ boyutlu (3B) olarak belgelenmesini
ve iiretilen dijital modelin geometrik dogrulugunun analiz edilmesini amaglamaktadir. Calismada, yapidan
modele fotogrametrik is akisi kapsaminda 220 adet yiiksek c¢oziiniirliiklii goriintii Agisoft Metashape
yaziliminda islenmis; nokta bulutu, mesh model ve ortofoto iiretimi gerceklestirilmistir. Modelin konumsal
dogrulugunun artirilmasi amaciyla alt1 adet Yer Kontrol Noktast (YKN) ile aerotriangiilasyon yapilmis,
modelin harici dogrulamas: alt1 adet Kontrol Noktas1 (KN) iizerinden gerceklestirilmistir. Dogruluk analizi
sonucunda ortalama kok-ortalama kare hata (RMSE) degeri 0.027 m olarak hesaplanmis; bu sonug, yap1
Olgeginde yiiksek geometrik dogrulukta bir model elde edildigini gostermektedir. Elde edilen 3B model, Zafer
Kapisi'nin tas isciligi, kemer geometrisi ve mevcut fiziksel durumu gibi mimari detaylar1 hassas bi¢gimde temsil
etmektedir. Calisma ayrica fotogrametri tabanli belgelenme siirecinde karsilasilan 1sik kosullari, yiizey
dokusu, ortiisme oranu ve ugus planlamasi gibi teknik zorluklara da metodolojik ¢oziim 6nerileri sunmaktadir.
Sonuglar, THA tabanli fotogrametri yontemlerinin, 6zellikle biiyiik 6lgekli ve mimari olarak karmasik kiiltiirel
miras yapilarinin belgelenmesinde yiiksek dogruluk, zaman ve maliyet etkinligi sagladigini gostermektedir.
Elde edilen 3B modelin dijital arsivleme, restorasyon planlamasi, sanal sergi ve egitim gibi alanlarda gok
amagh olarak kullanilabilecegi vurgulanmakta; ¢alisma, kiiltiirel mirasin dijital doniisiimiine yo6nelik
uygulamali bir 6rnek sunmaktadir.

Anahtar Kelimeler: Anavarza Zafer Kapisi, insansiz hava araglari, ti¢ boyutlu modelleme, arkeolojik
belgelenme, dijital kiiltiirel miras.
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Abstract

This study aims to document and generate a three-dimensional (3D) digital model of the Triumphal Arch
located within the ancient city of Anavarza, Adana Province, Tiirkiye, using Unmanned Aerial Vehicle (UAV)-
based photogrammetric methods. A total of 220 high-resolution images were processed in Agisoft Metashape
following a Structure-from-Motion (5fM) workflow to produce dense point clouds, textured mesh models, and
orthophotos. To enhance the spatial accuracy of the model, six Ground Control Points (GCPs) were integrated
during the aerial triangulation phase, and the external accuracy was assessed using six independent Check
Points (CPs). As a result of the accuracy assessment, the Root Mean Square Error (RMSE) was calculated as
0.027 m, demonstrating that the generated 3D model achieves high geometric precision at the architectural
scale. The model effectively preserves and visualizes architectural features such as masonry details, arch
curvature, and structural deformations. Moreover, this study discusses several technical challenges
encountered during the documentation process, including lighting conditions, surface texture complexity,
image overlap ratio, and flight planning, and offers practical solutions for each. The results indicate that UAV-
based photogrammetry offers a fast, cost-effective, and highly accurate alternative for documenting large-scale
and architecturally complex cultural heritage sites. The resulting 3D model provides a valuable digital record
that can be utilized for archival preservation, restoration planning, virtual exhibitions, and educational
purposes. This work serves as an applied example of digital heritage documentation, contributing to the
broader discourse on the digital transformation of cultural heritage.

Keywords: Anavarza Victory Gate, unmanned aerial vehicles, three-dimensional modeling, archaeological
documentation, digital cultural heritage.
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1. Giris

Kiiltiirel miras alanlarinin belgelenmesi, giiniimiiz
teknolojilerinin ~ sundugu  imkéanlarla  yeniden
tanumlanmakta; 6zellikle arkeolojik yapilar, {i¢ boyutlu
dijital modeller araciigiyla hem bilimsel analizlere
hem de koruma planlamalarina konu olmaktadir. Bu
calisma, Adana ili smirlarinda yer alan ve Roma
doneminin en gorkemli yapilarindan biri olan
Anavarza Zafer Kapisi'nin Insansiz Hava Araci (IHA)
tabanli  goriintiilerle  belgelenerek {i¢  boyutlu
modellenmesini amacglamaktadir.

Gelistirilen yontem, geleneksel dl¢iim tekniklerine
alternatif olarak dijital belgelenmenin sagladig:
avantajlar1 ortaya koymakta ve Kkiiltiirel mirasin
surdiiriilebilirligi  acisindan Onemli bir katk:
sunmaktadir.

Calismanin bilimsel 6zgtinliigii, Zafer Kapis1 gibi
cok kemerli ve yiiksek yapisal kompleksiteye sahip bir

mimari unsurun fotogrametrik modelleme siireclerini

ayrintih  bicimde ele almasy; {iretilen modelin
dogrulugunu yer kontrol noktalar1 (YKN) ve kontrol
noktalart  (KKN)  yardimiyla sayisal olarak
degerlendirmesiyle pekistirilmektedir. Ayrica

modelleme siirecinde karsilagilan teknik zorluklar ve
¢ozlim Onerileri de tartisilarak, benzer projelere
metodolojik rehberlik saglanmas: hedeflenmektedir.

Bu kapsamda, giris boliimii asagidaki alt
basliklarla yapilandirilmistir:

1.1. Antik Kentlerin ve Girig Kapilarinin Onemi:
Kiiltiirel mirasin belgelenmesinde giris kapilarinin
simgesel ve tarihsel anlami aktarilmakta; ¢alismanin
tematik cercevesi kurulmaktadir.

1.2. Anavarza Oren Yeri ve Zafer Kapist: Calisma
alani olan Anavarza Oren Yeri'nin tarihsel arka plan
sunulmakta, Zafer Kapistnin mimari oOzglinligi
aciklanmaktadir.

1.3.  Geleneksel Belgelenme
Sinirlamalari: Alanda yaygin olarak kullanilan klasik
yontemlerin sinirliliklar: 6rneklerle ele alinmakta; yeni
teknolojilere duyulan ihtiyag temellendirilmektedir.

14. THA ve Ug Boyutlu Modelleme: IHA
teknolojisinin arkeolojik belgelenmedeki artan rolii
vurgulanmakta, alana iliskin giincel literatiir
katkilariyla desteklenmektedir.

15, Ug Modelleme Teknolojileri:
Calismada kullamilan fotogrametrik modelleme
teknolojileri ~ tanitilmakta, segilen  yazilimlarin
ozellikleri ile bilimsel gerekgeleri agiklanmaktadir.

Bu alt basliklar araciligiyla, calisma yalnizca belirli
bir yapinin modellenmesi degil; ayn1 zamanda dijital
belgelenme siirecinin biitiinciil bir degerlendirmesini
de sunmay1 amaglamaktadir.

Yontemlerinin

Boyutlu
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1.1. Antik Kentlerin ve Giris Kapilarinin Onemi

Antik  kentler, sosyal,
kiilttirel, ekonomik ve miithendislik bilgilerini yansitan

gecmis uygarliklarin

essiz mekanlardir. Bu kentler, yalnizca birer yagam
degil, aymi
diizenini, dinsel ritiiellerini ve politik yapisini temsil
eden kompleks yerlesimlerdir (Akurgal, 2000). Bu
baglamda, antik kentlerin giris kapilar, yalnizca

alani zamanda donemin toplumsal

mimari bir unsur degil; ayni1 zamanda kentin kimligini,
siyasi giiclinii ve estetik anlayisini yansitan simgesel
yapilar olarak degerlendirilmektedir (Avrami, 2000).
Tarihsel baglamda giris kapilari, cogu zaman zafer
anitlar1 veya simr belirleyici yapilar olarak islev
gormiistiir. Ozellikle Roma déneminde insa edilen
kapilar, cok kemerli, yiiksek oranli ve zengin siislemeli
yapilariyla dikkat ¢eker. Bu mimari 6geler, donemin
teknik kapasitesini ve miihendislik becerisini ortaya
koyarken; bir yandan da sosyal prestij ve otoriteyi
goriiniir kilmay1 hedeflemistir (Campana, 2017). Aym
zamanda bu yapilar, téren gecitleri, ticari giris-cikis
kontrolii ve kentsel organizasyonun temel
bilesenlerinden biri olarak islevsel roller iistlenmistir.
Ancak giintimiizde, bu yapilar hem dogal afetler
ciddi
ve

hem de insan miidahalesi nedeniyle
yipranmalara maruz kalmaktadir.
restorasyon  faaliyetleri  genellikle  geleneksel
tekniklerle yiiriitiilmekte olup, bir¢ok ayrintinin
belgelenmesinde yetersiz kalinabilmektedir (Balar &
Ulvi, 2024). Bu noktada dijital modelleme teknikleri,
giris kapilarinin hem gorsel hem de metrik anlamda
eksiksiz  bicimde belgelenmesini gelecege
tasinmasini miimkiin kilmaktadir.

Bu baglamda, Anavarza Zafer Kapisi gibi hem
tarihsel hem de mimari agidan yiiksek degere sahip
yapilar igin THA ile desteklenen ii¢ boyutlu modelleme
yontemleri, ¢ok katmanli bir belgelenme ve analiz

siireci sunmaktadir. Bu ¢alismada, s6z konusu yapinn

Koruma

ve

belgelenmesine yonelik dijital yaklagimlar kullanilmus;
elde edilen bulgular dogrultusunda hem bilimsel hem
de kiiltiirel miras yo&netimine katki saglanmasi
amaclanmisgtir (bkz. 1.2, 1.4).

1.2. Anavarza Oren Yeri ve Zafer Kapisi

Anavarza Antik Kenti, Adana ili Kozan ilgesi
sinirlar1 igerisinde yer almakta olup, Anadolu'nun
tarihsel katmanlarmi barindiran en 6énemli arkeolojik
alanlardan biridir. Kentin ge¢misi Roma doénemine
uzanmakta, sonraki Bizans, Ermeni Krallig1 ve fslam

izler de kapsamli bicimde
(Erten, 2018). antik
donemde “Caesarea ad Anazarbus” ismiyle anilmis ve
ozellikle Roma Imparatorlugu déneminde Kilikya
bolgesinin

donemlerine  ait

izlenebilmektedir Anavarza,

idari ve askeri merkezi konumuna
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gelmistir. Kentte yer alan surlar, tiyatro, stadyum,
bazilika, su kemerleri ve hamam gibi yapilar, kentin
gelismis kentlesme diizeyini ve mimari gesitliligini
ortaya koymaktadir.

Anavarzanin en dikkat cekici yapilarindan biri
olan Zafer Kapisi, kentin giineybati girisinde yer
almakta olup ti¢ kemerli ve ¢ok katmanli yapisiyla
tipik bir Roma zafer taki 6rnegidir. Mimarisi, Roma
donemine ait tekniklerin ve estetik anlayisin gelismis
bir yansimasidir. Kapi, yalrizca giris—gikis kontrolii
saglayan bir yap1 degil, ayn1 zamanda siyasi bir mesaj
tasiyan anitsal bir semboldiir. Ozellikle ¢ok kemerli
tasarimi, donemsel otoriteyi ve mimari kudreti
simgelemektedir (Ozdemir, 2015).

Mevcut literatiirde, Zafer Kapis: iizerine yapilan
calismalar genellikle yapmn tarihi ge¢misi, mimari
tislubu ve restorasyon potansiyeline odaklanmustir.
Ancak, bu calismalarin ¢ogu geleneksel Ol¢iim
yontemlerine dayanmaktadir. Olgiim ve belgeleme
faaliyetleri genellikle manuel tekniklerle sinirh kalmus;
yapinn yiiksekligi, tas is¢iligi gibi kritik detaylar dijital
olarak belgelenememistir (Onal et al, 2023). Bu
eksiklik, yapiin hem mimari analizinde hem de
restorasyon  siirecinde  Olgiilebilir  eksiklikler
yaratmaktadir.

Bu calisma ise, Zafer Kapisi'nin IHA ile cekilen
yiiksek ¢Oziiniirliiklii goriintiilerden elde edilen {ig
boyutlu fotogrametrik araciligiyla
belgelenmesini amaglamaktadir. Bu yaklasim, yalnizca
gorsel temsil sunmakla kalmamakta; ayn1 zamanda
yapinin geometrik dogrulugunu degerlendirme ve

model

uzun vadeli koruma siireglerine katki
potansiyeli tasimaktadir. Kapmin st boliimleri,
arsitrav ve alinlik kisimlari gibi geleneksel yontemlerle
erisilmesi zor alanlar, [HAlar aracihgyla etkili sekilde
ile
simiilasyonlarina uygun yiiksek dogruluklu dijital veri
setleri elde edilmistir.

saglama

belgelenmis; modelleme siireci restorasyon

1.3. Geleneksel Yontemlerinin

Sinirlamalan

Belgelenme

Arkeolojik yapilarin belgelenmesi siirecinde uzun
yillar boyunca basvurulan geleneksel yontemler; elle
cizim, klasik fotografcilik, elle alinan Ol¢iimler ve
manuel plan gikarim gibi teknikleri icermektedir. Bu
yontemler, belirli dlciide gorsel kayit ve mimari analiz
imkan1 sunmus olsa da 06zellikle biiyiik, karmagik ve
yliksek yapilar igin gesitli zorluklar barindirmaktadir
(Remondino & El-Hakim, 2006).

Geleneksel oOlgme teknikleri, ayrintili bir yapi
analizi gerceklestirmek icin yogun emek, zaman ve
uzmanlik gerektirir. Ozellikle anitsal ve ¢ok katmanl
mimari unsurlarda (6rnegin ¢ok kemerli giris kapilar
veya anitsal zafer taklar1 gibi) erisimi zor bolgelerin
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belgelenmesi, fiziksel engeller ve giivenlik riskleri
nedeniyle cogu zaman ya miimkiin olamamakta ya da
yetersiz verilerle sirli kalmaktadir (Kabaday1r &
Mumcuoglu Tiirker, 2025; Kabadayi, 2021). Zafer
Kapis1 gibi yiikseklige sahip bir
boliimlerine erisim, iskele kurulumu veya ving destegi
gerektirebilir ki bu da hem maliyetli hem de zamana
bagli bir siirectir (Verhoeven, 2011).

Ayrica, klasik yontemlerle elde edilen belgeler
(6rnegin ¢izimler veya iki boyutlu fotograflar),
yapilarin hacimsel iliskilerini, topografik konumlarin
veya geometrik deformasyonlarmni yansitmakta
yetersiz kalabilmektedir. Bu durum, restorasyon ve
koruma calismalarinin dogrulugunu da dogrudan
etkilemektedir. Ornegin bir kemerin yatay diizlemdeki
egimi veya bir tas blogun eksenel kaymasi, yalnizca
gorsel belgelerle tam anlamiyla fark edilemeyebilir
(Ulukok & Ulvi, 2023).

Ayrica belgelerin standartlasmasinda da sorunlar
yaganabilmektedir. Farkli ekiplerin farkli donemlerde
yaptig1 belgeler arasinda tutarsizliklar olusabilir. Bu
durum, Ozellikle uzun soluklu arkeolojik kazi ve
restorasyon  projelerinde  ciddi = koordinasyon
eksikliklerine yol Bu nedenle, yiiksek
dogrulukta, tekrarlanabilir ve dijital olarak saklanabilir

yapmn Ust

acabilir.

belgeleme yontemlerine olan ihtiyag artmaktadir.

Iste bu noktada, Insansiz Hava Araa (IHA)
destekli li¢ boyutlu modelleme yo6ntemleri, hem
belgeleme Kkalitesini hem de siirecin verimliligini
artirmak adma geleneksel yontemlere ©nemli bir
alternatif sunmaktadir. Bu ¢alismanin onerdigi dijital
yontemler, geleneksel smirlamalarin iistesinden
gelmeyi hedeflemekte ve arkeolojik belgelenme
pratigini cagdasg bir diizleme tasimaktadir.

1.4. insansiz Hava Aracglar1 (iHA) ve Ug¢ Boyutlu
Modelleme

Giiniimiizde arkeolojik yapilarin belgelenmesinde
[HA kullanimi giderek artan  bir
yayginlasmaktadir. Ozellikle yiiksek, genis
ulagilmas1 zor mimari unsurlarin belgelenmesinde
[HA sistemleri, zaman ve emek agisindan énemli bir
avantaj saglamaktadir. Bu baglamda IHA'lar, sadece
veri toplama araci degil, aym1 zamanda dijital

ivmeyle
ve

belgeleme siirecinin merkezinde yer alan teknolojik bir
bilesen haline gelmistir (Campana, 2017; Verhoeven,
2011; Mumcuoglu Tiirker & Kabadayi, 2025).

[HA’lar sayesinde yapilarin tiim yiizeyleri farkl
agilardan goriintiilenebilmekte, kisa siirede ¢ok sayida
yiiksek ¢oziiniirliiklii gorsel elde edilebilmektedir. Bu
goriintiiler, fotogrametrik is akiglari ile ii¢ boyutlu
modellere  dontistiiriilerek, hacimsel
detayll yiizey yapilan
deformasyonlar1 analiz edilebilmektedir (Remondino

yapilarin

geometrisi, ve mevcut
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& El-Hakim, 2006; Kabaday1 et al., 2020). Bu ¢alismada
kullanilan IHA ile elde edilen goriintiiler, Zafer
Kapisimin iist kotlarindaki detaylarin da eksiksiz
olarak belgelenmesine olanak saglamistir. Geleneksel
yontemlerle erisilemeyecek ya da belgelenmesi
oldukca zahmetli olan bu boliimler, HA ile glivenli,
hizli ve sistematik bir sekilde goriintiilenmistir.

Ayrica THA'lar, sabit kanatli veya g¢ok rotorlu
(multikopter) yapilarina gore farkli avantajlar
sunmaktadir. Ozellikle ¢ok rotorlu sistemler, diisiik
irtifada hassas manevralar yaparak karmasik yapilara
yakin uguslar gerceklestirebilir. Bu da
yapilarda, = mimari  detaylarn = daha
goriintiilenmesine ve modelleme kalitesinin artmasina
katk: saglar (Karakaya & Ulvi, 2024).

[HA’larin ile
entegrasyonu, yalnizca gorsel belgelenmeyle smirh
kalmaz. Ayni1 zamanda bu modeller, dl¢timsel (metrik)
dogruluk da igerdiginden; restorasyon planlamasi,
hasar analizi, yap1 saghg: izlemesi ve sanal gergeklik
(VR) gibi ¢ok cesitli
kullanulabilir hale gelmektedir. Bu ¢alismada, Zafer
Kapisi'nin hem gorsel hem de metrik olarak dogru bir
sekilde modellenmesi, ileride yapilacak miidahaleler
i¢in say1sal referans teskil etmesi bakimindan 6nem arz
etmektedir.

Son olarak, THA ile goriintiileme siireci gevresel
kosullardan etkilenebilir. Riizgar, 1sik kontrasti ve
atmosferik  sartlar, kalitesini ~ dogrudan
etkileyebilir. Bu calisma 0Ozelinde, uygun hava
kosullar1 altinda planlanan ugus sayesinde yiiksek

anitsal
fazla

fotogrametrik =~ modelleme

uygulamalar1 alanlarda

veri

kaliteli goriintiiler elde edilmis, goriintii sayis1 ve
Ortiisme orami dikkatle secilmistir. Bu yaklasim,
modelin biitinliigiini ve dogrulugunu artirmis;
fotogrametrik is akisinin saglikl ilerlemesini miimkiin
kilmistir.

1.5. Ug Boyutlu Modelleme Teknolojileri

Ug boyutlu modelleme teknolojileri, kiiltiirel
mirasin belgelenmesinde hem gorsellestirme hem de
olgtimsel dogruluk agisindan yeni bir paradigma
sunmaktadir. Ozellikle fotogrametri (Structure from
Motion — SfM) ve Lazer Taramaya (Light Detection and
Ranging-LiDAR) dayali teknikler, arkeolojik yapilarm
karmasik geometrilerini detayll bicimde yeniden
olusturma kapasitesine Bu
sayesinde yapinin yalnizca gorsel 6zellikleri degil, ayni
zamanda metrik bilgileri de yiiksek dogrulukla dijital
ortama aktarilabilmektedir (Remondino et al., 2006;
Doneus et al., 2013).

Bu c¢alismada, Zafer Kapisinin {i¢ boyutlu
modellenmesi amaciyla fotogrametri temelli bir is akis
tercih edilmistir. Bu yaklasim, maliyet etkinligi,
taginabilirlik, cevresel etkiye duyarsizlik ve gorsel-

sahiptir. teknolojiler
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metrik biitiinliigii ile 6n plana ¢ikmaktadir (Senol et al.,
2021). THA ile cekilen yiizey goriintiileri, yiiksek
ortiisme oranmi ve yeterli acisal cesitlilik sayesinde
fotogrametrik isleme uygun hale getirilmis; yapi, nokta
bulutu (point cloud), yiizey aglari (mesh) ve doku
kaplamalar1 (texture mapping) ile detayli bigimde
yeniden modellenmistir.

Calismada kullanulan yazilim, Agisoft Metashape
Professional olup, SfM-MVS (Multi View Stereo)
algoritmalarini destekleyen gelismis bir fotogrametrik
modelleme paketidir. Bu yazilimin tercih edilme
nedenleri arasinda; kullanici dostu araytizii, detayl
kalite ayarlari, yer kontrol noktas1 (YKN) ve kontrol
noktasi (KKN) entegrasyon yetenegi ile ¢ikti dogruluk
analizlerinin giivenilirligi bulunmaktadir. Metashape,
Ozellikle kiiltiirel miras yapilarina iliskin ¢alismalar
i¢in yaygin bir ara¢ olarak Onerilmekte ve literatiirde
bircok basarili 6rnekle desteklenmektedir (Remondino
et al., 2014; Ozdemir, 2015).

Nokta bulutu iiretiminde kullanilan parametreler
—-Ornegin yogunluk seviyesi, baglanma esigi, anahtar
nokta limiti- model kalitesini dogrudan etkileyen
unsurlardir. Bu calismada yiiksek detayda nokta
bulutu tiretimi yapilmis, daha sonra bu bulut, tiggen
agina (mesh) donistiiriilerek yiizey modellemesi
gerceklestirilmistir. Ardindan, RGB goriintiilerden
elde edilen dokular modele kaplanmis ve yap:r hem
gorsel hem de metrik olarak biitiinciil bir dijital form
kazanmigtir. Modelleme siireci boyunca kullanilan her
adim, daha sonra gerceklestirilecek restorasyon,
simiilasyon veya yapisal calismalarina
dogrudan katki saglayacak nitelikte yapilandirilmigtir.

Ancak fotogrametri temelli ii¢ boyutlu modelleme,
bazi smirlamalar1 da beraberinde getirmektedir.
Ozellikle gdlgelenmis alanlar, bitki ortiisiiyle kapl
ylizeyler veya homojen dokulu bolgeler (6rnegin diiz
duvarlar) gibi unsurlar, fotogrametrik algoritmalarin
dogru esleme yapmasini zorlastirabilir. Bu ¢alismada,
boyle bolgeler igin gerekirse ek goriintii ¢ekimleri
yapilarak bosluklar minimize edilmis; yap1 biitiinliigii

analiz

korunmustur.

Sonug olarak, kullanilan {i¢ boyutlu modelleme
teknolojileri, Anavarza Zafer Kapisi1 gibi yiiksek, ¢ok
kemerli ve tarihi 6neme sahip bir yapinun hem gorsel
hem de analitik diizeyde belgelenmesini miimkiin
kilmigtir. Ortaya c¢ikan model, literatiirde benzer
calismalarla karsilastirildiginda yiiksek kalite, detay ve
dogruluk diizeyiyle 6ne ¢cikmaktadir. Ayrica bu model,
yalmizca akademik arastirmalar igin degil, aym
zamanda djjital arsivleme, restorasyon planlamasi ve
kiiltiire] miras egitimi gibi ¢ok yonlii amaclarla da
kullanilabilir niteliktedir.
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2. Yontem
2.1. Calisma Alan1

Anavarza Oren Yeri, Adana'min Kozan ilgesi
yakinlarinda yer alan ve Roma, Bizans, Ermeni Krallig1
ve Islam dénemlerine ait izler tagiyan énemli bir antik
kenttir. Calismanin odak noktasi olan Zafer Kapisi,
kentin ana girisinde yer alan ii¢ kemerli anitsal bir
yapidir. Kapiun mimari O6zellikleri, Roma donemi
miihendislik ve estetik anlayisini yansitmaktadir.

Anavarza Oren Yeri, Zafer Kapisi Adanamin
Kozan Ilgesinde 37°14'57.52" Kuzey ve 35°53'50.25"E”
Dogu cografi koordinatlar ile deniz seviyesinden 34 m
ylikseklikte bulunmaktadir.

e ' -
F S &

Sekilrl. Calisma Alani, Adana, kozan, Anavarza Antik
Kenti, Zafer Kapis1 (Google Earth).

Anavarza, Cukurova bolgesinde yer almakta olup,
genis bir diizliige yayilmistir. Romalilarin, 3. yiizyilda
kars1 kazandigr zaferin anisina Roma
Imparatorlugu'nun  dogudaki ~ ordugah  kenti
olan Anavarza’ya zafer takiolarak insa edilmistir.
Korint basliklarla siislenmis, siitunlu, pilasterli (dort
koseli siitun) niglerin (Igerisine heykel konulan mihrap
benzeri girinti) iclerinde heykel diizenlemeli, anitsal
olgiilerde bir yapidir. Tasidigr bu 6zellikler nedeniyle,
Cukurova bolgesinde tek, Tiirkiye sinurlari igerisinde
ise birka¢ anitsal sehir kapisindan biridir. Yapidaki
2015 yilinda baglayan restorasyon caligmalar1 2020
yilinda tamamlanmigtir (URL 1).

Perslere

Sekil 2. Zafer Kapisi restorasyon 6nesi, Albert Gabriel
(URL 1).
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2.2. Veri Toplama
2.2.1. Kullanilan IHA Modeli ve Teknik Ozellikler

Veri toplama siirecinde, yiiksek ¢Oziiniirliikli
goriintiiler elde etmek icin bir Insansiz Hava Araci
(IHA) kullanilmistir. Kullanilan THA' nin modeli DJI
Matrice 300 RTK ve DJI Zenmuse P1 kamera ile
donatilmigtir.

Sekil 4. IHA (iist) DJI Matrice 300 RTK (alt) DJI
Zenmuse P1 kamera.

Dji modeli matrice 300 RTK, markanin modern
havacilik uygulamalarindan esinlenen en son nesil
ticari THA modelidir. THA, 55 dakikaya kadar devam
edebilen ugus siiresi ile kesintisiz ¢ekim yapabilme
sansina sahiptir Ayni zamanda gelistirilmis Al
nitelikleri, 6 yonlii algilama ve konumlandirma gibi
daha pek ¢ok dzellikleri blinyesinde barindirmaktadir.

Matrice 300 RTK IHA, zekay: yiiksek verim ve
glivenirlik ile harmanlamaktadir. Boylece de ¢ok yeni
bir standart belirlemektedir. Dronun gelistirilmis
iletim sistemi OcuSync Enterpisei 15 kilometre
uzakhifa kadar iletim olanagi sunmaktadir. Ayrica
ticlii kanal modu da yiiksek ¢oziiniirlitkte videoyu
desteklemektedir (DJI, 2025).

[HA modeli 2,4 GHz ve 5,8 GHz arasinda gercek
zamanl bir otomatik ge¢is saglamaktadir. Bunun yamn
sira yliksek parazit iceren yerlerin yakin mesafesinden
daha emniyetli ugus olanagi sunarak AES-256
sifrelemesi ile emniyetli bir veri aktarimi olanag: da
saglamaktadir. Dji matrice 300 RTK IHA rafine govde
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ve aktarim sistemi bigemi, zorlu sartlarda dahi daha
verimli ve dengeli bir ugus saglamaktadir (DJI, 2025).

Dji matrice 300 RTK'y1 gorev ihtiyaglariniza uyum
saglayacak bicimde yapilandirilabilir. Cihaz 2,7
kilogram tasima hacmi ile bir anda 3 tasima hacmine
kadar da monte edebilirsiniz. Bu cihaz ile gorevler
olarak kaydedilebilir. Tlerideki otomatik
denetlemeler adina Ornek vazife dosyalar1 meydana
getirmek hareketleri,  gimbal
yonlendirmeleri, fotograf cekimleri ve yakinlastirma
diizeyi gibi vazife hareketlerini de kaydedilebilir (URL
2). DJI Matrice 300 RTK IHA teknik &zellikleri Tablo
1’de verilmektedir.

canli

lizere dron

Tablo 1. DJI Matrice 300 RTK teknik &zellikleri (DJI,
2025).

Ozellik Deger
Katlanmamus, pervaneler harig,
Boyut 810 x 670 x 430 mm (U x G x Y)
Katlanmus, pervaneler dahil, 430
% 420 x 430 mm (U x G x Y)
Agirlik (asag1 dogru Yaklasik. 3,6 kg (pilsiz)
tekli gimbal ile) Yaklasik. 6,3 kg (iki TB60 pil ile)
Azami yiik 2,7kg
2.4000-2.4835 GHz 5.725-5.850
Calisma Frekansi GHz

Maksimum Agisal
Hiz

Maksimum Cikig Hizi

Maksimum Riizgar
Direnci
Maksimum Ugus
Stiresi

GNSS

Calisma sicaklig

Engel Algilama
Aralig
Batarya Enerji
Batarya Net agirlik

Pil 6mrii

Giris Koruma Sinifi

Genislik: 300 ° /s, Sapma: 100 ° /
s
Smodu:6m/s
Pmodu : 5m/s

15m/s

55 dk.

GPS + GLONASS + Beidou +
Galileo
20°Cila50°C (-4°Fila122°
F)
fleri / Geri / Sol / Sag: 0.7-40m
Yukari / Asagi: 0.6-30m
274 Wh
Yaklasik. 1,35 kg
Dabhili pil: Yaklasik. 2,5 saat
Dabhili pil + Harici pil: Yaklagik.
4.5 saat
P45

Zenmuse P1 Kamera, 3 eksenli sabitlenmis bir
gimbal tizerinde degistirilebilir sabit odakli lenslerle
tam cerceve bir sensorii entegre eder. Fotogrametri
ugus gorevleri i¢in tasarlanan bu {iriin, verimliligi ve
dogrulugu tamamen yeni bir seviyeye tasir. P1, ugus
sirasinda her 0,7 saniyede bir fotograf cekebilen ve tek
bir ucusta 3 km 2 mesafeyi kapsayabilen tam cerceve,
diisiik giiriiltiilii, yiiksek hassasiyetli bir sensor
mekanik deklangér ve
seviyesinde
senkronize eden yepyeni TimeSync 2.0 sistemiyle

icermekktedir. Kiiresel

modiiller arast zamani mikrosaniye
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donatilan Zenmuse P1, gercek zamanli konum ve
yonelim telafi teknolojisiyle birlikte kullanicilarin
santimetre hassasiyetinde veri yakalamasini sagliyor.
24/35/50mm lensler ve Akilli Egik ¢ekim ozelligi ile
donatilabilen entegre 3 eksenli gimbal sayesinde 2B, 3B
ve detayli modeller yapilabilir (URL 3). DJI Zenmuse
P1 Kamera Teknik Ozellikleri Tablo 2 de verilmektedir.

Tablo 2. DJI Zenmuse P1 kamera teknik Ozellikleri

(DJI, 2025)
Ozellik Deger
Boyut 198x166x129 mm
Agirlik Yaklagik 800 gr
Glg 20W
IP Derecelendirmesi P4X
Desteklenen Ugak Matris 300 RTK
Gahisma Stcaklik -20° ila 50° C (-4° ila 122° F)
Aralig1
Mutlak Dogruluk Yatay: 3 cm, Dikey: 5 cm
Sensor boyutu (Sabit): 35,9x24 mm
(Tam kare)
. Sensor boyutu (Maksimum video
Sensor
kayit alani): 34x19 mm
Etkin Pikseller: 45MP
Piksel boyutu: 4,4 pm
Diyafram Aralig1 £/2.8-f/16
Video Format MP4,MOV
. e e e 16:9 (1920=1080)
Video Coziiniirliigii 16:9 (3840x2160)

2.2.2. Ucus Planlamasi

Zafer Kapistnin {i¢ boyutlu belgelenmesine
yonelik veri toplama siirecinin basarisi, ugus
planlamasmnin 6zenli bir sekilde yapilmasina baglidir.
Bu baglamda, yapinin mimari biitiinliigiinii en yiiksek
diizeyde temsil edecek nitelikte bir veri seti elde
edebilmek amaciyla hem yatay hem de egimli
agilardan goriintii alimina imkan veren ¢ok yonlii bir
ugus stratejisi uygulanmaistir.

Fotogrametrik veri toplama islemi Oncesinde,
yapmin geometrisi, cevresel kosullari, aydinlatma
durumu ve potansiyel engeller detayh
incelenmis; ugus rotast bu 6n degerlendirmeye gore
optimize edilmistir. Yapinin {i¢ cepheli mimarisini ve

olarak

ist kotlardaki detaylar1 etkili bir sekilde
goriintiileyebilmek amaciyla dairesel (orbital) ve yanal
(oblique) c¢ekim stratejileri birlestirilmistir. Bu

kapsamda, yap1 gevresinde sabit yarigapli bir ugus
rotas1 olusturularak, hem yap1 eksenine paralel
(nadiral) hem de farkli egim acilarinda (oblique)
goriintiiler elde edilmistir.

Ucus yiiksekligi, modelin ¢oziintirliginii ve
goriintiilerin  yer (YOA)
dengeleyecek sekilde 20 m ile 40 m arasinda degisken
yliksekliklerde planlanmigtir. Diisiik irtifalar yap1
ylizeyindeki ince detaylarin yakalanmasini saglarken,

ornekleme mesafesini
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daha yiiksek irtifalar genel geometrik formun biitiinciil
sekilde belgelenmesine olanak tanimistir. Kamera
sistemi, yatay diizlemde 0° ile egik acilarda (yaklagsik
45°) yapilandirilarak, dikey yiizeylerde veri eksikligi
olusmasinin 6niine gecilmistir.

Uguslar, DJI Pilot yazilimi iizerinden o6nceden
planlanarak otomatik modda gergeklestirilmis; ucus
sirasinda hava kosullar siirekli izlenmistir. Verinin
kalite kaybina ugramamasi i¢in uguslar riizgar hizinin
4 m/s'yi geg¢medigi, agtk ve bulutsuz hava
kosullarinda, glniin sabah saatlerinde
gerceklestirilmistir. Bu sayede, homojen aydinlatma
kosullar altinda golgelenme etkisi minimize edilmis,
ayrica THA stabilitesi ve goriintii keskinligi en iist
diizeye ¢ikarilmustir.

Planlanan ugus gorevi sirasinda, GPS uydu sinyal
kalitesi ve RTK diizeltmeleri stirekli takip edilmis,
icin gereken fotogrametrik Ortiisme
kosullar1 saglanmaistir. Bu baglamda, boyuna ortiisme
orani %80, enine Ortiisme orani ise %70 olarak
Bu oranlar, modelin
yapilandirilmasinda nokta eslestirme kalitesini ve
modelin geometrik dogrulugunu dogrudan etkileyen
onemli parametrelerdir.

Ucus planlamasinda elde edilen goriintii setinin,
hem metrik hem de estetik yonden yiiksek kaliteli bir
ti¢ boyutlu model
goriilmiistiir. Ozellikle yapinin yiiksek kotlarindaki tas
isciligi detaylar1 ve kemer formundaki gegisler, farkl
acilardan alinan goriintiiler sayesinde eksiksiz bir
sekilde yakalanmustir.

modelleme

ayarlanmustir. yeniden

iretimine olanak taridig:

2.2.3. Goriintii Toplama Siireci

Fotogrametrik modellemenin temel girdisi olan
goriintii  verilerinin toplanmasi siirecinde, yap1
ylizeyinin tiim geometrik ve mimari detaylarim
icerecek sekilde kapsamli bir ¢ekim stratejisi
uygulanmustir. Cekimler, DJI Matrice 300 RTK THA
sistemi {izerine entegre edilmis olan DJI Zenmuse P1
kameras1 ile gerceklestirilmistir. Kamera, her 0.7
saniyede bir tetiklenen ¢ekim modunda ¢alistirilmis ve
ugus rotast boyunca goriintii kaybi yasanmamasi
saglanmugtir.

Yapmin tim cephelerinden ve {ist kotlarindan
detayh gorsel veri saglanabilmesi amaciyla hem yatay
(nadiral) hem de egik acilardan (yaklasik 45°) yiiksek
¢ozliniirliiklii goriintiiler elde edilmistir. Toplamda
114 adet JPEG formatinda yiiksek ¢oziiniirliiklii
goriintii elde edilmis; bu goriintiiler, Exif meta verileri
ile islenmek {izere Agisoft Metashape yazilimimna
aktarimistir.

Modelin hem gorsel hem de metrik dogrulugunu
artirmak amaciyla, yap1 gevresine toplam 12 adet yer
kontrol noktast (YKN) yerlestirilmistir. Bu noktalar,
farkl yiikseklik ve cepheleri temsil edecek sekilde
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yapmin on, arka ve yan kisimlarina dengeli bicimde
dagitilmistir. Her bir GCP, GNSS-RTK alicist ile +2 cm
yatay ve #3 cm diigey dogrulukla Olgiilmiis;
koordinatlar WGS84 (UTM Zone 37N) datumuna gore
kaydedilmistir.

YKN'lerin nokta tanimlamalari, yazilim ortaminda
manuel olarak isaretlenmis ve tiim fotogrametrik
hizalama islemleri bu noktalara referanslanarak

gerceklestirilmistir. Yer kontrol noktalarinin yapiya
gore konumsal dagilimi Sekil 5te gorsel olarak
sunulmakta, her bir noktanin sayisal koordinat bilgileri
ise Tablo 3'te detayli bicimde verilmektedir.

Bntie

flu mc;del

(L

$ékil 5.Baz yer kontrol noktalarmin iig¢boyu
tizerindeki dagilimi.

Tablo 3. Yer kontrol noktalar1 (WGS84 - UTM Zone

37N).

Nokta . H

No Y (dogw) X (kuzey) (yiikseklik, m)
2 35.898206  37.249235 62.164135
3 35.897020  37.249274 62.337643
4 35.897404  37.249227 62.173020
5 35.897431  37.249368 62.048171
6 35.897258  37.249407 62.297529
7 35.897060  37.249443 62.281471
8 35.897181  37.249303 63.730865
9 35.897265  37.249271 65.159657
10 35.897394  37.249305 64.818638
11 35.897272  37.249334 64.402764
12 35.897149  37.249363 64.459253

Tablo 3’teki noktalarin konumsal dogruluklars, {ig
boyutlu modelin o6lgeklenmesi ve hizalanmasinda
referans ozellikle metrik analizlerde
kullanilacak modelin mutlak dogrulugu bu YKN'ler
tizerinden giivence altina alinmistir. Gorsel olarak
sunulan dagilim (Sekil 5), YKN'lerin yap: tizerinde
homojen ve yapisal agidan temsil kabiliyeti yiiksek bir
diizende yerlestirildigini gostermektedir. Bu dagilim,
nokta eglestirme ve model ¢oziimlemesi asamalarinda
modelin sapmasiz ve dengeli olarak olusmasina katki
saglamistir.

alinmus;
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2.3. Ug¢ Boyutlu Modelleme

Bu calismada, Zafer Kapisinin dijital olarak
belgelenmesi amaciyla, fotogrametri temelli ti¢ boyutlu
modelleme  yontemi  uygulanmistir.  Yontemin
temelini, Goriintiilerden Yapilandirma (Structure from
Motion — SfM) algoritmasma dayali sayisal model
tretimi olusturmaktadir. SfM, Ortiisen iki boyutlu
goriintiilerdeki ortak ilgi noktalari tespit ederek
kamera nesne
eszamanli olarak yeniden yapilandirma esasina

pozisyonlarim1  ve geometrisini
dayanur. Bu siire¢, karmasik mimari yapilarin yiiksek
dogrulukta ve fotogercek¢i bigimde dijital ortama
aktarilmasina olanak tanir.

Modelleme siireci, Agisoft Metashape Professional
(v2.0.3) yazilimi kullanilarak ytirtitiilmiistiir. Yazilim,
YKN ile referanslandirilan yiiksek ¢oziiniirliikli
goriintiilerden otomatik olarak nokta bulutu {iretimi,
3B ylizey modeli (0rgii) olusturulmasi ve doku
kaplama islemlerini gergeklestirmektedir. Tim
modelleme siireci, asagida agiklanan sirali islem
adimlar1 dogrultusunda gerceklestirilmistir:

[k olarak, toplam 114 adet yiiksek ¢oziiniirliiklii
JPEG formatindaki goriintli, yazilm arayiiziine
yliklenmistir. ~ Goriintiilere  ait  i¢gsel  kamera
parametreleri (odak uzaklig, sensor boyutu, vb.) EXIF
verileri araciigiyla yazihim tarafindan otomatik olarak
algilanmistir. Gortiintiilerin kalite kontrolii manuel
olarak yapilmis, bulaniklik, asir1 pozlama veya
ortiisme eksikligi olan karelere rastlanmamustir.

StIM
hizalama (kamera yoneltmesi) asamasinda, yazilim her
bir goriintii i¢cin konum ve yoOnelim parametrelerini
hesaplamis ve bu sayede kaba bir seyrek nokta bulutu
elde edilmistirr. Bu adimda kullanilan temel
parametreler; hizalama dogrulugu “Yiiksek”, ana
nokta sinirlamasi 40.000, destek nokta sinirlamasi 4.000
ve Ortlisme tipi “ileri + yanal” olarak belirlenmistir.

Bunu takiben, sahada dlgiilen 12 adet YKN, yazilim
ortaminda gorlintiiler tizerinde manuel olarak
isaretlenmis ve koordinat dosyasi yiiklenerek sistem

algoritmas: ile gerceklestirilen fotograf

mutlak koordinatlara referanslandirilmistir. Yapilan
bundle adjustment (demet dengeleme) isleminden
sonra model optimize edilmistir.

Hizalama islemi sonrasinda, yogun nokta bulutu
olusturma adimina gecilmigtir. Bu adimda yap:
ylizeyine ait daha detayli geometrik bilgi elde
edilmistir. Kullanilan ayarlar: nokta yogunlugu
“Yiiksek”, derinlik filtreleme “Orta”, ve tim goriintii
alanim1 kapsayacak sekilde maskeleme yapilmadan
uygulanmuistir.

Yogun nokta bulutundan elde edilen verilerle, 3B
ylizey modeli (6rgii) olusturulmustur. Bu adimda,
“derinlik haritast tabanli” yeniden yapilandirma
yontemi tercih edilmis; yiizey tipi olarak “arbitrary
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surface” secilmistir. Olusturulan ag modeli yaklagik 1
milyon ti¢gen yiizey icermekte olup, karmasik mimari
ogeleri yeterli detayda temsil etmektedir.

Son adimda, olusturulan 3B Orgii modeli {izerine
doku kaplama (texture mapping) islemi uygulanmustir.
Gergekci gorsellik saglamak amaciyla, “mozaik” tipi
doku haritalama yontemi tercih edilmistir. Harita
boyutu 8192 x 8192 piksel olarak belirlenmis ve tek bir
doku haritas1 kullanilmistir. Kaplama islemi sirasinda
tiim goriintii seti kullanilmistir.

Modelleme siirecinin sonunda, 3B model hem
gorsel hem de metrik analizler i¢in .OBJ ve .LAS
formatlarinda disa aktarilmistir. Hazirlanan model;
yapin mimari detaylarmi, hasar durumlarmi ve
ylizey  karakteristiklerini  yiliksek  dogrulukla
yansitmakta, restorasyon dijital koruma
calismalarina uygun bir veri temeli sunmaktadir.
Model dogruluguna iligkin nicel degerlendirmeler, 2.4.
Model Dogruluk Analizi baghg: altinda ayrintili olarak
sunulmustur.

ve

2.4. Model Dogruluk Analizi

Ug boyutlu modelleme siirecinde elde edilen djjital
¢iktinin geometrik dogrulugunun degerlendirilmesi,
calismanin giivenilirligini ve bilimsel gegerliligini
artiran Onemli bir adimdir. Bu dogrultuda, Zafer
Kapisi'nin dijital modelinin metrik dogrulugu, YKN ve
kontrol noktalar1 (KN) kullanilarak analiz edilmistir.
Modelleme Agisoft Metashape
tizerinden yiriitiilmiis ve yazilimin sagladigi hata
raporlari temel alinarak degerlendirmeler yapilmistir.

Toplamda 12 adet yer kontrol noktas: sahaya
yerlestirilmis; bunlardan 6’s1 modelin 6lgeklenmesi ve
hizalanmas: amaciyla YKN olarak, 6’s1 ise dogrulama
amaciyla KN olarak kullanilmistir. Bu noktalarin
tiimii, GNSS destekli RTK yontemiyle +2 cm konumsal
hassasiyetle Ol¢iilmiis ve WGS84 (UTM Zone 37N)
datumuna gore koordinatlandirilmigtir.

Agisoft Metashape yaziliminda yapilan demet

siireci yazilimi

dengeleme islemi sonucunda, modelin igsel ve dissal
yonelimi tamamlanmis ve YKN'ler yardimiyla mutlak
koordinatlara referanslandirilmistir.

3. Bulgular
3.1. Zafer Kapisi'nin U¢ Boyutlu Modeli

HA fotogrametrisi ile iiretilen {i¢ boyutlu model,
Zafer Kapisi'min mevcut yapisal durumu ve mimari
detaylarin1 dijital ortamda basarilh bicimde temsil
etmistir. Modelleme siireci sonunda olusturulan yiizey
modeli, gerek geometrik biitiinlitk gerekse gorsel
dogruluk agismndan arkeolojik belgelenme
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standartlarin1 karsilamaktadir. 3B modelin cesitli
gorselleri Sekil 6'da verilmistir.

Model iizerinde yapilan incelemelerde, Zafer

Kapisimin  ii¢ kemerli amitsal yapisi, cephe
diizenlemeleri, tist kotlardaki tas silmeler ve nis
bosluklar1 net sekilde izlenebilmistir. Ozellikle

kemerlerin tonoz yapilari, siitun kaideleri, tas bloklarin
derz cizgileri ve {iist Ortii ylizeyindeki diizensiz tas
dokular1  modelde detayli bigcimde  goriiniir
durumdadir. Yapiya 6zgii mimari oranlar, yiikseklik
farklar1 ve aciklik-derinlik iligkileri fotogergekgi bir
sekilde modellenmistir.

Model {iretimi sirasinda bazi da
karsilagilmistir. Ozellikle kapinin alt kotlarinda yer
alan golgelenmeler ve tas dosemeler iizerindeki
reflektif alanlar, goriintiilerin eslestirilmesinde sinirh
diizeyde hata {iretmistir. Ayrica, kuzey cephesinde
yapi gevresinde yer alan gevresel kalintilar ve diizensiz
ylizey egimleri, nokta yogunlugunun homojen
dagilmasini kismen engellemistir. Buna kargin, yiiksek

zorluklarla

¢oziiniirliiklii gortintiilerin ¢ok agili cekimi ve homojen
YKN dagilimi sayesinde model biitiinliigii korunmus
ve eksik alan olusumu biiyiik oranda engellenmistir.

Modelin genel formuna ait 6rnek gorseller Sekil
6’da sunulmaktadir. Bu gorseller, kapmin 6n ve arka
cephelerine ait 3B  yeniden yapilandirilmis
goriiniislerini icermekte olup, tas is¢iligi detaylarinin
ve genel mimari karakterin modelde ne &lgiide
yansitildigini ortaya koymaktadir.

(b)
Sekil 6. 3B modelin gesitli gorselleri (a, b).
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3.2. Dogruluk Degerlendirmesi

U¢ boyutlu modelin  metrik dogrulugunun
degerlendirilmesi, modelin arkeolojik belgelenme,
belgeleme sonrasi analiz ve restorasyon planlamasi
gibi  uygulamalarda giivenle kullanilabilmesi
agisindan kritik neme sahiptir. Bu dogrultuda, model
dogrulugu hem yoneltme asamasinda kullanulan YKN
hem de modellemede kullanilmayan ancak dogrulama
amaciyla Ol¢iilmiis kontrol noktalar1 KN {izerinden
degerlendirilmistir. Calisma sahasinda toplam 12 adet
kontrol noktasi belirlenmis; bunlardan 6's1 YKN olarak
kullanilarak modelin 6l¢eklendirilmesi ve yoneltilmesi
gerceklestirilmis, geri kalan 6's1 ise KN olarak yalnizca
dogrulama amaciyla degerlendirmeye alinmistir. Tiim
noktalar GNSS destekli RTK yontemiyle +2 cm yatay,
+3 cm diisey dogrulukla olciilmiis ve WGS84 (UTM
Zone 37N) koordinat sistemine gore tanimlanmustir.

Agisoft Metashape yaziliminda yapilan demet
dengeleme islemi sonrasinda model, gercek diinya
koordinat sistemine entegre edilmis ve modelleme
siireci tamamlanmustir. Yazilim tarafindan saglanan
hata raporlarina gore, hem YKN'ler hem de KN'ler
tizerinden konumsal hata analizleri yapilmstir.
Sonuglar, ortalama mutlak hata (Mean Error) ve kok
ortalama kare hata (Root Mean Square Error — RMSE)
biciminde degerlendirilmistir. Sonuglar Tablo 4’te
verilmistir.

Tablo 4. Dogruluk degerlendirmesi.

Nokta Koordinat Ortalama Hata RMSE
Tiirit Bileseni (m) (m)
YKN Y (Dogu) 0.014 0.021
X (Kuzey) 0.018 0.025
Z (Yiikseklik)  0.023 0.031
KN Y (Dogu) 0.019 0.028
X (Kuzey) 0.021 0.030
Z (Yiikseklik) 0.032 0.044

Elde edilen sonuglara gore, yoneltmede kullanilan
YKN’lerde ortalama yatay hata yaklasik #2.5 cm, diisey
hata ise #3.1 cm diizeyinde hesaplanmistir. Dogrulama
amaciyla kullanilan KN’lerde ise yatayda +3.0 cm,
diiseyde ise #4.4 cm seviyesinde hata gozlenmistir. Bu
degerler, modelin yiiksek dogrulukla {iretildigini ve
hem gorsel hem de metrik analizlerde giivenle
kullanilabilecegini gdstermektedir. Ozellikle arkeolojik
yapilar gibi Olclisel duyarliligin 6nemli oldugu
belgelenme c¢alismalarinda, bu diizeydeki RMS hata
oranlary, literatiirde kabul goren sinirlar igerisinde yer
almaktadir (Remondino & El-Hakim, 2006; Yigit &
Uysal, 2025). Elde edilen dogruluk seviyesi,
restorasyon planlamasi, ve dijital
arsivleme gibi ileri uygulamalarda modelin etkin
sekilde kullanilabilecegini gostermektedir.

hasar analizi
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33. IHA  ile
dezavantajlar1

Belgelenmenin Avantajlarn,

Bu calismada, IHA 'lar kullanilarak gergeklestirilen
belgelenme siireci, geleneksel yontemlere kiyasla
bircok avantaj saglamigtir. [HA'lar, Zafer Kapisi'nin
tiim detaylarmi kisa bir siire iginde belgelemeyi
basarmistir. Geleneksel yontemlerle giinler siirebilecek
bir siireg, birkag saat i¢inde tamamlanmistir. Kapinin
yiiksek ve erisilmesi zor kisimlari, IHA'lar sayesinde
kolayca belgelenmistir. Bu, ozellikle kemerlerin iist
kisimlarindaki miimkiin
kilmistir.

[HA'lar ve fotogrametri yazilimlari, lazer tarama
gibi daha pahali teknolojilere kiyasla daha diisiik
maliyetle yiiksek dogrulukta sonuglar sunmustur. Ug

detaylarin incelenmesini

boyutlu model, kapinin mimari detaylarini ve yiizey
Ozelliklerini yiiksek ¢oziiniirlitkte yansitmigtir. Bu hem
gorsel hem de teknik analizler i¢in 6nemli bir avantaj
saglamustir.

[HA'lar ile yiiriitiilen galismalarda, geleneksek
yontemlerle karsilastirmasi Tablo 5’te goriilmektedir.

Tablo 5. Yontemlerin karsilagtirmasi.

— [HA ile Geleneksel
Olgiit ..
belgeleme yontemler
Stire 3-4 saat Giinler
Maliyet Diisiik Yiiksek
Erisim Kolay Zor
Detay Seviyesi Yiiksek Orta
Modelleme siirecinde baz1 zorluklarla

karsilagilmis ve bu zorluklar ¢alismanin sinirlamalarim
olusturmustur. Veri toplama siireci sirasinda riizgar ve
15tk kosullar;, THA'min stabilitesini ve gorintii
etkileyebilmistir. Bu nedenle, ugus
planlamasi sirasinda hava kosullarina dikkat edilmesi
gerekmigtir. Cekilen ytizlerce fotografin islenmesi ve
ti¢ boyutlu modelin olusturulmasi, ytiiksek islem giicii

kalitesini

gerektirmistir. Bu siireg, 6zellikle yogun nokta bulutu
ve doku kaplama asamalarinda zaman alict olmustur.
Kapinin bazi kisimlarinda, bitki ortiisii veya golgeler
nedeniyle eksik veriler olusmustur. Bu durum,
modelin bazi boélgelerinde detay kaybina neden
olmustur. Fotogrametri ~ yazilimlarinin
sinirlamalari, Ozellikle karmagik geometrilere sahip
bolgelerde modelin dogrulugunu etkileyebilmistir.
Zafer Kapisi'nin {i¢ boyutlu modeli, restorasyon ve
koruma g¢alismalarina 6nemli bir katk: saglamaktadir.

baz1

Model, kapinin mevcut durumunu detayl bir sekilde
belgeleyerek, restorasyon planlamas: i¢in bir temel
olusturmustur. Ug boyutlu model, kapmin dijital
ortamda korunmasimi saglamigs ve gelecekteki
calismalar i¢in bir referans noktasi olusturmustur.
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Model, restorasyon miidahalelerinin dijital ortamda
edilmesine olanak tanmimaktadir. Bu,
restorasyon siirecinde daha bilingli kararlar alinmasini
saglayabilir.

simiile

4. Tartisma

Bu calismada, THA ve ii¢ boyutlu modelleme
teknolojileri kullanilarak Anavarza Zafer Kapisi'nin
dijital olarak belgelenmesi gergeklestirilmistir.
Literatiirde IHA tabanli fotogrametri ydnteminin
arkeolojik alanlarda yaygin olarak kullanildig
bilinmektedir (Campana, 2017; Verhoeven, 2011).
Ancak bu calisma, 6zellikle arutsal bir giris kapisinin
yiiksek ¢oziiniirliiklii olarak belgelenmesi bakimindan
literatiire yenilik¢i ve 6zgiin bir katki sunmaktadar.

Geleneksel belgelenme yontemlerinin (6rnegin
cizim, fotograf, elle Ol¢iim) zaman alict ve simurh
¢ozliniirlitkkte veri sundugu bilinmektedir. Lazer
tarayict sistemleri ise yiiksek dogruluk saglamasina
ragmen, donanim maliyeti ve operasyonel karmasiklik
agisindan her projede uygulanabilir degildir. Bu
baglamda, [HA fotogrametrisi ile yalnizca birkag saat
icinde hem gorsel hem de metrik dogrulugu yiiksek bir
model {iiretilebilmis ve yap1 tiim mimari detaylariyla
belgelenmistir. Elde edilen model, Zafer Kapisinin
kemer yapilari, tas iscili§i ve iist kot detaylarmm
fotogergekgi bir bicimde ortaya koymus; 6zellikle insan
erisiminin zor oldugu alanlar [HA’lar sayesinde
basariyla belgelenebilmistir.

Modelin sagladig: dijital ¢ikt1, yalmzca argivleme
amaciyla degil; ayn1 zamanda restorasyon planlamasi,
konservasyon miidahaleleri, yapisal analizler ve sanal
sergileme gibi ileri uygulamalar i¢in de uygun
niteliktedir. Sayisal dogrulugu literatiirle uyumlu
diizeyde olan model, gelecekte yapilacak
midahalelerin planlanmasinda kargilagtirmali
analizlere olanak tanimaktadir. Bu yoniiyle ¢alisma,
dijital kiiltiirel mirasin belgelenmesi ve korunmasi
siirecine katki saglayan disiplinleraras: bir yaklasim
ortaya koymaktadir.

Bununla birlikte, THA fotogrametrisinin bazi
smirliliklar1 da goz oniinde bulundurulmalidir.
Ozellikle veri toplama siireci, riizgar, 151k yonii, hava
durumu gibi dis ¢evre kosullarindan dogrudan
etkilenmektedir. Bu c¢alismada ucuglar elverisli
meteorolojik kosullarda planlanmig olsa da farkh
donemlerde benzer verimliligin elde edilmesi her
zaman miimkiin olmayabilir. Ayrica, yogun nokta
bulutu tiretimi ve doku kaplama islemleri, yiiksek
islem gilicli ve zaman gerektirmistir. Ozellikle tas
dosemeler iizerindeki parlama, golgelenme ve bitki
ortiisii gibi faktorler, baz1 bolgelerde veri kaybina
neden olmus; karmasik geometrilere sahip alanlarda
modelin lokal dogrulugu azalmistir.
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Fotogrametri yazilimlarmin algoritmik
simnirlamalari,  yiizey topolojisinin net sekilde
algilanmasinda ve doku kalitesinin homojen

dagiliminda etkili olabilmektedir. Bu tiir durumlar,
ozellikle hasar analizi ve detay 6lgekli uygulamalar i¢in
modelin siurli yorumlanmasina neden olabilir.

Sonu¢ olarak, bu calisma IHA tabanli 3B
modellemenin kiiltiirel mirasin belgelenmesi
korunmasinda sundugu avantajlar1 agik¢a ortaya
koymustur. Disiplinleraras: bir yaklasimla yiiriitiilen
dijital belgelenme siireclerinin, kiiltiirel mirasin hem

ve

bilimsel hem de toplumsal diizeyde daha genis
kitlelere ulastirilmasina katki saglayacag1
degerlendirilmektedir.

5. Sonuglar ve Oneriler

Bu ¢alismada, Adana ili Kozan ilgesinde yer alan
Anavarza Oren Yerindeki Zafer Kapisimin
belgelenmesi amaciyla, IHA ve ii¢ boyutlu
fotogrametri yontemleri kullamilmistir. Geleneksel
belgeleme tekniklerine kiyasla daha hizli, diisiik
maliyetli ve yiiksek dogruluk saglayan bu yontem
sayesinde, yapmin mimari detaylarn fotogercekei ve
metrik hassasiyetle dijital ortama aktarilmigtir.

Modelleme siireci sonucunda elde edilen 3B
model, kemer yapilari, tas is¢iligi ve {ist kot detaylarim
ayrintili  bicimde temsil etmis; yapinin mevcut
durumu, restorasyon planlamasi ve arsivleme amaglar:
i¢in sayisal olarak belgelenmistir. Model hem gorsel
hem de konumsal dogruluk agisindan kabul edilebilir
sinirlarin altinda hata oranlariyla degerlendirilmis ve
saha ol¢timleri ile uyumlu bulunmustur.

5.1. Calismanin Katkisi

Bu calisma, IHA fotogrametrisi ile mimari olarak
karmasik bir arnitsal yapmnin kisa siirede ve yiiksek
hassasiyetle modellenebilecegini gostermistir. Ayrica
dijital modellerin, kiiltiirel mirasin korunmasi,
belgelenmesi, sanal ortamlarda sergilenmesi ve egitim
siireclerinde kullamilmasina yonelik potansiyelini
ortaya koymustur. Zafer Kapisimin ii¢ boyutlu
modellemesi ile elde edilen ciktilar, restorasyon
senaryolarinin  dijital ortamda test edilmesine ve
miidahale kararlarinin daha bilingli alinmasina olanak
tanumaktadir.

5.2. Oneriler

Gelecekte benzer

artirilmasi

calismalarda dogrulugun
siireglerin  iyilestirilmesi amaciyla
asagidaki oneriler sunulmaktadir:

e Lidar entegrasyonu: Yogun bitki Ortiisii ya da
karmagik geometrilere sahip yapilar igin IHA

ve
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fotogrametrisi ile Lidar teknolojisinin birlestirilmesi
Onerilir. Bu, hem yiizey hem de derinlik verisinin
hassas bicimde elde edilmesini saglar.

e Yapay zeka destekli yazilimlar: Veri isleme
siiresini kisaltmak ve eksik alanlar1 tamamlamak
amaciyla  yapay  zeka
kullanilabilir.

o Yiiksek coziiniirliiklii kameralar: [HA'lara
entegre edilen sensorlerin ¢oziintirliikleri artirilarak,
kiigiik Olgekli mimari detaylar daha net sekilde
belgelenebilir.

e Dijital sergileme ve gerceklik ve artirilmig

tabanli  algoritmalar

gerceklik entegrasyonu: Uretilen {i¢ boyutlu modeller
sanal gerceklik ve artirilmig gerceklik platformlarinda
sunularak, halkin kiiltiirel mirasa erisimi ve ilgisi
artirilabilir. Ozellikle geng nesillerin katilimu igin dijital
turlar ve etkilesimli sergiler 6nerilmektedir.

e [Egitim ve kapasite gelistirme: Arkeologlar,
mimarlar ve miithendisler icin IHA tabanli belgeleme
ve li¢c boyutlu modelleme iizerine saha ve yazilim
temelli egitim programlar: diizenlenmelidir.

e Fon kaynaklarinin etkin kullanimi: Ulusal ve
uluslararasi destek programlar1 (6rnegin TUBITAK,
UNESCO, EU Horizon) ile bu tiir belgelenme projeleri
fonlanabilir; kamu-akademi-yerel yonetim is birlikleri
ile stirdiiriilebilirlik saglanabilir.

e Hibrit yontemlerin tesvik edilmesi: THA
fotogrametrisi, tarama klasik ~ Ol¢tim
tekniklerinin entegre kullanimi ile daha kapsaml ve

lazer ve
dogrulugu yiiksek belgelenme projeleri yiiriitiilebilir.

Sonu¢ olarak, bu c¢alisma dijital belgeleme
teknolojilerinin  kiiltiirel miras alaninda sundugu
olanaklar1 gostermekte ve THA tabanli ii¢ boyutlu
modellemenin, arkeolojik yapilarin korunmasi ve
gelecek nesillere aktarilmasinda etkin bir arag
oldugunu ortaya koymaktadir.

Yazarlarin Katkis1

Birinci yazar: Calisma tek yazarhidir ve tiim katki birinci
yazara aittir.

Cikar Catismasi Beyani
Yazarlar arasinda  herhangi bir c¢kar ¢atismasi
bulunmamaktadir.

Arastirma ve Yayin Etigi Beyani

Yapilan ¢alismada arastirma ve yayin etigine uyulmustur
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Abstract

This study aims to conduct a systematic literature review of the public perception of unmanned aerial vehicles
(UAVs) used in various fields. The research seeks to understand public attitudes toward UAVs and the
underlying reasons for these attitudes. The study did a detailed search using specific keywords in the Scopus
and Google Scholar databases. The search strings used for database queries were determined, and exclusion
criteria for article screening were established. Records were identified through database searches, and
duplicates were removed following the PRISMA flow diagram. Articles were re-evaluated for eligibility, and
the studies included in the synthesis were identified. The study yielded important findings for understanding
the societal impact of UAV technology and its future trajectory. Various factors affect the public perception of
UAVs, and the consequences of this perception are directly related to how individuals and societies adopt the
technology. In this respect, it is evident that stakeholders should consider public perceptions when making
decisions regarding UAV usage. Given that privacy concerns surrounding UAVs may lead to public debate,
managing risks and developing communication strategies with the public may also be beneficial.
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Ozet

Bu calismanin amaci, gesitli alanlarda kullarulan Insansiz Hava Araglar1 (IHA) hakkindaki toplumsal algiya
iligkin sistematik bir literatiir taramas1 yapmaktir. Arastirma, HA'lara yonelik toplumsal tutumlar: ve bu
tutumlarin altinda yatan nedenleri anlamaya calismaktadir. Calisma kapsaminda, Scopus ve Google
Akademik veri tabanlarinda belirli anahtar kelimeler kullamlarak ayrmntili bir arama yapilmistir. Veritabani
sorgulari i¢in kullanilan arama dizeleri belirlenmis ve yayin taramas igin diglama kriterleri olusturulmustur.
Kayitlar veritabani aramalar1 yoluyla belirlenmis ve PRISMA akis semasi izlenerek tekrarlar kaldirilmistir.
Yaymlar uygunluk agisindan yeniden degerlendirilmis ve senteze dahil edilen calismalar belirlenmistir.
Caligsma, THA teknolojisinin toplumsal etkisini ve gelecekteki yoriingesini anlamak igin énemli bulgular ortaya
koymustur. [HA'lara iliskin toplumsal alg1 gesitli faktorlerden etkilenmektedir ve bu alginin sonuglari,
bireylerin ve toplumlarin teknolojiyi nasil benimsedigiyle dogrudan iligkilidir. Bu baglamda, paydaslarin IHA
kullanimima iliskin kararlar alirken toplumsal algilar1 dikkate almalari gerektigi aciktir. IHA'lara iliskin
mahremiyet endiselerinin kamuoyunda tartismalara yol agabilecegi gbz oniine alindiginda, risklerin
yonetilmesi ve toplumla iletisim stratejilerinin gelistirilmesi de faydali olabilir.

Anahtar Kelimeler: Gizlilik, Insansiz hava araglari, kamu algisy, risk yonetimi, sosyal kabul.
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1. Introduction

Unmanned Aerial Vehicles (UAVs) represent
aircraft that do not have a crew or passengers inside,
have technically diverse equipment such as cameras,
fertilizer nozzles, lidar, sensors etc. can be remotely
controlled, or have the ability to fly autonomously.
UAVs exhibit significant variations in terms of size,
range, weight, engine type, and performance to
accommodate payloads, including
communication navigation equipment,
sensors, and cameras. (Elmeseiry et al., 2021; Mohsan
etal., 2022, 2023).

UAVs have started to be used in commercial and
with  technological
advancements in recent years. Furthermore, this

various
devices,

private  areas, especially
developing technology has also caused an increase in
the areas of use of UAVs. UAVs are utilized in
agricultural  activities, imaging, cargo
transportation, and search and rescue activities. For
example, considering search and rescue activities, it

aerial

can be said that not only activities aimed at finding are
carried out, but also the number of people at risk
during a disaster is conveyed, and actions are taken
accordingly (Mohamed et al., 2020).

UAVs also significantly affect public acceptance.
Various factors influence the perception that society
develops toward UAVs, and the consequences of this
attitude are closely related to how individuals and
societies adopt the technology (Sabino et al., 2022).

Studies in the literature examine the perception of
UAVs in numerous dimensions, such as safety
concerns, privacy, ease of access, societal acceptance,
and technological innovation. These studies explain
essential results for understanding the public attitudes
toward UAVs and the reasons for these attitudes.
Nevertheless, the available literature on the effects of
UAVs on society and how these effects are perceived is
still not at the desired level. Therefore, the analysis of
the current literature is one step ahead to
systematically examine the public perception of UAVs
(Wang et al., 2023).

The present study aims to be pioneering for future
research on the societal acceptance of UAVs and to
guide researchers and decision-makers on the use of
UAVs by indicating the factors affecting the benefits
and risks perceived by society. This study aims to
present the results in a clear and reproducible way
through literature analysis. In this respect, it is aimed
to inform researchers, carry thoughts about the
dominant perspectives and attitudes to the upper level,
and contribute by expressing the possible knowledge
gaps in the literature on the societal acceptance of the
comprehensively advancing technology.
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This study aims to systematically analyze the
existing literature on public perception of Unmanned
Aerial Vehicles (UAVs), focusing particularly on
societal acceptance, privacy concerns, attitudes, and
related regulatory and operational dimensions. The
novelty of this research lies in its comprehensive
approach to classifying and synthesizing recent studies
using the PRISMA 2020 methodology, which ensures
and replicability.  Unlike
fragmented reviews, this study consolidates diverse

transparency prior
perspectives and highlights existing research gaps,
offering a clearer roadmap for future academic work
and policymaking.

The paper is structured as follows: Following the
introduction, the
methodology, including the selection process and

Section 1 presents research
inclusion/exclusion criteria. Section 2 provides the
results of the literature review, highlighting key
statistics and trends in publication. Section 3 discusses
the thematic clusters related to public perception, such
as regulatory, operational, external, and economic
factors. Finally, Section 4 presents the conclusions and
implications for researchers, practitioners,
policymakers.

and

2. Method

The current study, which addresses research on a
systematic literature analysis of the public perception
of UAVs, employed the meta-analysis method, one of
the systematic review approaches. A meta-analysis
statistically combines many independent studies and
findings regarding the determined subject or research
to yield reliable results by
systematically analyzing the data from various studies
(Goktas, 2018).

The PRISMA 2020 (The Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) used in
meta-analysis studies was adopted in the research
process. PRISMA 2020 represents the guide used to
ensure the transparency of meta-analysis studies and

question. It aims

to report findings in a standard manner. According to
the said guide, the research questions and subjects are
clearly defined. Then, records are determined using the
PRISMA flow chart, which involves the process of
determining, selecting, and including articles with
reviews. In the present study, the data selection and
search strategy and the inclusion and exclusion criteria
were established with the PRISMA model (Penge,
2024).
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2.1. Research Question and Research Terms

Within the scope of the above-mentioned method,
the main research question in our literature review was
determined as follows:

“What is known about the societal acceptance
factors regarding the public perception of UAVs?”

The four basic concepts related to our main
research question specified in Table 1. are UVAs,
Societal Acceptance, Attitude, and Privacy. These
research concepts alone or UAV ‘AND’ Societal
Acceptance ‘AND’ Attitude AND’ Privacy were
identified as the search concepts. The concepts of
Equipment ‘AND’ military ‘AND’ security ‘AND’
power “AND’ resolution specified in Table 2. were the
strings excluded when searching with these research
concepts in literature.

Table 1. Search strings included in the study.

Search Option Search String
*UAV and *public
perception and *attitude

and * privacy

All Fields (Anywhere in
the article)

Table 3. Exclusion criteria for the literature review.

Studies on civilian areas of use of UAVs were
addressed to concretize the public perception of UAVs
and make them more understandable. In this regard,
studies on military use were excluded with concepts
indicated in Table 2. Additionally, technical studies in
this field were excluded to reach studies on the public
perception of UAVs, the subject of the current work,
more clearly. Thus, studies on UAVs' communication
or UAV equipment and similar studies were excluded
from the review’s scope.

Table 2. Search strings excluded from the study.

Search Option Search String Excluded
All Fields *equipment and *military
(Anywhere in the . ) an(i
article) security and *power and

*resolution

Table 3. specifies the exclusion criteria for the
literature review within certain concepts from A to H.
Information is provided about the results that can be
considered negative when evaluated in terms of
eligibility for our research subject, even if the search is
done with these central concepts.

Central Concept

Exclusion Criteria

A. Information on UAVs is included but is outside the scope of the article. For
example, subjects related to technical information (development of the UAV test

setup, etc.).

Unmanned Aerial Vehicles

B. The article generally includes technological perceptions but does not directly

address UAVs.

C. Although the concept of societal acceptance is included in different sections

Societal Acceptance

of the article, it is not discussed in detail.

D. Although the themes of societal acceptance with regard to the technology are

Attitude

addressed, UAVs are not examined in a special section.

E. Not the attitude toward the use of UAVs but the attitude observed when

Privacy

purchasing UAVs is addressed.

F. Privacy issues are indicated when manufacturing UAVs. Privacy regarding

images is not discussed.

Technical Criteria

G. Full text is unavailable for high-level evaluation.

H. The article is not in English.

2.2. Selection of Articles

Articles published in English between 2015 and
2024 in the academic search engine Google Scholar
(Google Scholar, 2024) and the academic database
Scopus (Scopus, 2024) were included in the literature
review. The articles obtained at the first stage were
compiled by conducting a similarity scan. Among the
remaining articles, those eligible for our subject were
selected, and similar ones were removed again. After

41

three rounds, 55 articles were evaluated according to
their eligibility. Duplicates, studies not eligible for the
research subject, those not in English, and those in
abstract form (full text unavailable) were excluded.

As seen in Figure 1, there are many duplicates
based on the PRISMA flowchart (Prizma, 2024) applied
as a research method in the study. When reviewing the
studies, duplicates were excluded. Afterward, studies
directly integrated with the subject were selected. After
similar articles and the

excluding examining
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publications in terms of their eligibility for the subject,
the results regarding 55 articles were reported in the
current study.

Additionally, in searches through Google Scholar
and Scopus, although the search is done with the
inclusion and exclusion criteria in Google Scholar,
articles not displaying integrity with the subject are
frequently encountered. Accordingly, more studies
that could be examined regarding eligibility for the
subject were found when we applied the inclusion and
exclusion criteria in searches through Scopus.

[ Identification of studies via databases and registers ]

Records 1dentified from™:
Databases:

Google Scholar (n=1320)
Scopus (n=243)

Records removed before
screening:

Duplicate records removed

(n=431)

}

Records screened
(n=1132)

Records excluded
(n=496)

}

Reports sought for retrieval

(n=636)
|

Reports assesed for eligibility
(n=198)

Studies included 1n review
(n=755)

Reports not retrieved
(n=438)

Reports excluded
(n=143)

—

Figure 1. PRISMA flowchart.

3. Results

Considering the distribution of the articles
reviewed by years, most studies were conducted in
2024 (Table 4). Against the 15 articles published in 2024,
there is one study in 2015 and one study in 2017.

Figure 2. shows the count of articles according to
the study’s geographic location on the world map.
Among the 55 studies included in the review, a
maximum of 20 and a minimum of 1 study were
published in different countries. The highest number of
studies was conducted in the United States with 20
articles, followed by Germany with 7 articles, China
with 5 articles, India with 4 articles, and Malaysia with
4 articles.

Table 5. contains the list of journals where the 55
articles included in the review were published. The
table shows that most articles were published in the
journal “Technology in Society.”
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Table 4. Distribution of selected articles by years.
Year When the Article Was

Count of Articles

Published
2015 1
2016 2
2017 1
2018 2
2019 2
2020 4
2021 7
2022 14
2023 7
2024 15

Count of Articles by Geographic Location of Study ( =55 )

Figure 2. Count of articles according to the study’s
geographic location.

Table 5. Journals where the selected articles were
published the most.

Count of
Journal Name Articles
Technology in Society 10
(Technology in Society, 2024)
Drones (Drones,2024) 4
Cogent Business and
Management (Cogent Business 5
& Management | Taylor &
Francis Online, 2024)
International Journal of Logistics
Research and Applications
(International Journal of 2
Logistics Research &
Applications, 2024).
Others 37
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Table 6. shows the subject distribution of the
studies included in this review. The definitions of the
subject areas were developed based on the information
from the Scopus database and the Google Scholar
search engine.

It was noted that the articles subject to our research
could fall into more than one subject area in the
database, as specified in the table of article distribution
by subject area. In this respect, the subject distribution
of the studies is more comprehensive.

Note: Certain articles are included in more than
one subject category.

Table 7. shows the citation status of the reviewed
articles. As seen in the table, the article by Chung et al.

Table 6. Distribution of the selected articles by
subject.

Subject Area Count of Articles

Social Sciences 24
Business, Management, and 21
Accounting
Engineering 14
Computer Science 14

Decision Sciences

8
Environmental Sciences 3
Medicine 3
3
2

Earth and Planetary Sciences

Agricultural and Biological

) R Sciences
(Chung et al., 2020) t%tled Optur.uzatlon for .drone and Mathematics
drone — truck combined operations: A review of the
. Psychology 2
state of the art and future directions” was the most : .
. Economics, Econometrics, and 2
cited one. .
Finance
Others 2
Table 7. Articles with the highest number of citations.
Document Title Authors Year Source
Optimization for drone and drone-truck combined
operations: A review of the state of the art and future Chung, S.H., Sah, B., Lee, ]. 2020 246
directions (Chung et al., 2020).
The societal impact of commercial drones (Rao et al., 2016). Rao, B., Gopi, A.G., Maione, R 2016 236
Drones for parcel and passenger transportation: A literature Kellermann, R., Biehle, 2020 208
review (Kellermann et al., 2020) T., Fischer, L.
Drone dellYery: Eactors affecting the public's attitude and Yoo, W,, Yu, E., Jung, . 2018 190
intention to adopt (Yoo et al., 2018).
Public acceptance of d.rones: K.nowledge, attitudes, and Aydin, B. 2019 132
practice (Aydin, 2019)

Analysis of barriers to 1mpl§(1)1;;1t drone logistics (Sah et al., Sah, B, Gupta, R, Bani-Hani, D. 2021 99
Public acceptance of drone applications in a highly urbanized = Lin Tan, L.K., Lim, B.C., Park, 2021 64
environment (Tan et al., 2021) G., Low, K.H,, Seng Yeo, V.C.

.. . . Eiifeldt, H., Vogelpohl,
The acceptance of civil drozrgezsol)n Germany (Eifsfeldt et al., V., Stolz, M., (...), Belz, 2020 64
J., Kiigler, D.

Critical factors charact'erlzmg. consumers 1r1.tent10r.15 to use Osakwe, C.N., Hudik, M., Iv{iha,

drones for last-mile delivery: Does delivery risk D. Stros. M. Ramavah. T 2022 62
matter?(Osakwe et al., 2022) i T ya &
1 R. ic,

The View from Above: A Survey of the Public’s Perception of TH I\\Ifsasl(l):c’e] DI GCTabrfl?bIZrlain 2019 41
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4. Discussion

With technological developments, societies also
adapt to these developments positively or negatively.
The use of UAVs, which have become a symbol of these
technological developments, increases every year.
Therefore, the number of studies on public perceptions
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of UAV use increases steadily with the rise in their use
(Nelson et al., 2019).

The current section explains the factors affecting
the public perception of UAVs, revolving around
thematic clusters. In this regard, Table 8. presents the
thematic clusters related to the public acceptance of
UAVs based on the publications reviewed.
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Table 8. Thematic classification of the factors related to
the public perception of UAVs.

Category Theme
Privacy
Regulatory Factors Security
Safety
Operational Factors Purpose and Place of Use
External Factors Media Use

Source and Impact of
Information

Economic Factors Usefulness

Related Infrastructure and
Services

4.1. Regulatory Factors

Upon reviewing the studies on the public
perception of UAVs, the violation of private life,
privacy concerns, and safety and security risks come to
the forefront because the risk perception regarding
UAVs can be expressed as physical security concerns.
In this regard, two different thoughts can be
established. The first is the unlimited use of UAVs, and
the other is the use of UAVs for the public good
(Komasova et al., 2020) . The public perception of
UAVs also varies according to the areas of use of these
vehicles. However, even if the efficient areas of use are
given as examples and the evaluation is performed
accordingly, the results change (Del-Real and Diaz-
Fernandez, 2021).

4.2. Operational Factors

Nowadays, UAVs are utilized primarily for
surveillance and analysis purposes, particularly for
aerial imaging and image analysis. They are used in
diverse areas, such as aerial imaging, search and
rescue, extinguishing, inspections,
agricultural activities, and for hobby and commercial
purposes. Aerial photography is widely used among
these. When examined in terms of operational factors,
the public approaches the use of UAVs more positively
in terms of their use for the public good. Although
society displays a positive attitude toward the use of
UAVs for the public good, the most significant concern
here is individuals’ privacy concerns. Moreover, the
easy accessibility of UAVs is another source of concern
for society (Rao et al., 2016).

fire traffic

4.3. External Factors

The way the media depicts UAVs considerably
impacts the public perception of UAVs. The media is
one of the most important and effective elements
forming the image of UAVs perceived by society.
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Positive or negative news about UAVs influences or
changes the level of knowledge and attitude of the
public toward these vehicles. Negative depictions
concerning security may cause fear and anxiety about
UAVs; however, positive examples, such as search and
rescue scenarios, may bring the advantages of these
technologies to the forefront (Richards, 2018).

4.4. Economic Factors

Economic studies on the public perception of
UAVs have usually included the acceptance of their
delivery and commercial services. When considered in
logistic terms, distribution centers located far from the
city make delivery challenging. While the delivery of
cargo by UAVs directly to the address may create
problems that can affect society, the desire for fast
delivery without being stuck in traffic flow has caused
the public’s thoughts to differentiate. It would be
beneficial to indicate that there are still question marks
about privacy among positive thoughts (Toraman and
Oz, 2023).

5. Conclusion

The current study presents a systematic literature
review on the perceptions of individuals, commercial
organizations, states, and researchers regarding the use
of UAVs between 2015 and 2024 and focuses on how
this perception is understood in literature sources.

The study attempts to eliminate research gaps. In
this respect, our study can help researchers analyze the
current situation on the issue and then contribute to
future research (Mohsan et al., 2022). Considering the
public perceptions of UAVs, it is seen that studies have
been conducted on factors, such as privacy, attitude,
concern, risk, and acceptance. It is thought that
policymakers and other stakeholders will benefit from
these concepts in making decisions about the future
(Nakamura & Kajikawa, 2018).

While numerous studies have investigated public
perception of UAVs in specific contexts or applications,
a comprehensive and systematic analysis of the
literature that synthesizes these diverse findings across
domains remains limited. Prior studies typically focus
on narrow aspects such as particular applications (e.g.,
delivery services, as in Yoo et al., 2018), specific
geographical contexts (e.g., urban environments, as in
Tan et al, 2021), or individual factors affecting
acceptance (e.g., privacy concerns, as in Nelson et al.,
2019).

The existing literature lacks a holistic framework
that integrates these disparate findings into a coherent
factors
influencing public perception of UAVs. Specifically,

understanding of the multidimensional
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the following gaps are addressed by our systematic
review:

Integration across application domains: Unlike
previous reviews that concentrate on single application
areas, our analysis synthesizes findings across diverse
UAV applications, from agricultural use to urban
delivery to emergency response.

Temporal evolution analysis: This study uniquely
tracks how public perception has evolved from 2015 to
2024, capturing the trajectory of societal attitudes as
UAV technology has become more prevalent.

Thematic classification framework: We develop a
novel classification scheme (regulatory, operational,
external, and economic factors) that provides a
structured approach to understanding the multifaceted
nature of public perception toward UAVs.

Geographical perspective: By analyzing studies
across different countries and regions, our review
offers insights into how cultural, regulatory, and
societal contexts influence UAV acceptance patterns
globally.

Interdisciplinary synthesis: This study bridges
disciplinary boundaries by synthesizing research from
technical fields (engineering, computer science), social
sciences, business studies, and environmental research.

By addressing these gaps, our systematic literature
analysis contributes to the field by establishing a
foundation for future research on UAV societal
acceptance. It provides stakeholders—including
policymakers, UAV manufacturers, service providers,
and researchers —with a comprehensive
understanding of the multidimensional factors that
shape public perception, enabling more informed
approaches to UAV implementation, regulation, and
community engagement.

Upon examining the issues related to how the
public perception of UAVs is understood in the
literature, it was seen that the application or use of
UAVs, even for the public good, currently creates a risk
in society. It can be said that thoughts about using
UAVs for the public good, such as search and rescue,
fire extinguishing, or border security, change with a
change in demographic factors. It is evident that the
public is concerned about the use of these vehicles for
hobby or commercial purposes outside of public
interest, particularly aerial imaging. It would be
beneficial for the competent authorities to improve
their work by taking these concerns into account in the
future.
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