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ABSTRACT

FORESIGHT-BASED POLICY DEVELOPMENT IN THE DEFENSE AND
AEROSPACE INDUSTRY: THE CASE OF HONEYCOMB MATERIAL
TECHNOLOGY

KOCAMIS, Giil Beyza
M.S., The Department of Science and Technology Policy Studies
Supervisor: Prof. Dr. Mehmet Teoman PAMUKCU
Co-supervisor: Dr. Cemal Berk OGUZSOY

September 2025, 158 pages

This thesis explores the future of honeycomb material technologies in the defense and
aerospace sectors through a structured foresight framework. A mixed-methods
research design integrating both qualitative and quantitative approaches was
employed. Initially, a quantitative patent analysis was conducted as an input to validate
the case selection, confirming the growing relevance of honeycomb structures in
aerospace materials technology. This was followed by a Futures Wheel focus group,
resulting in 24 foresight statements. These statements were evaluated based on their
impact on the future, operational application areas, and dual-use potential, with the
relative importance of each criterion determined using the Analytic Hierarchy Process
(AHP). Final scores were calculated by combining participant ratings with these
weights, ensuring that each score reflected both expert judgment and the strategic
relevance of the criteria. Based on the top-ranked pathway, a second focus group was

conducted using the Backcasting method, after
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which a qualitative analysis was conducted to support the development of concrete

policy recommendations.

This thesis contributes to the field by introducing a quantitative model for prioritizing
pathways derived from Futures Wheel outputs, applying an integrated foresight
framework that combines exploratory and normative approaches, and proposing a
flexible scenario evaluation methodology suitable for various defense-related
technological domains. Furthermore, it addresses a significant gap in Tiirkiye’s
defense planning ecosystem by offering a replicable and scalable foresight framework

to support long-term decision-making.

Keywords: Foresight, Backcasting, Defense and Aerospace Technologies, Analytic

Hierarchy Process (AHP), Scenario Planning
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SAVUNMA VE HAVACILIK SANAYISINDE GELECEGE YONELIK ONGORU
TEMELLI POLITIKA GELISTIRME: BALPETEGI MALZEME TEKNOLOJISI
ORNEGI

KOCAMIS, Giil Beyza
Yiiksek Lisans, Bilim ve Teknoloji Politikas1 Calismalari Bolimii
Tez Yoneticisi: Prof. Dr. Mehmet Teoman PAMUKCU
Ortak Tez Yéneticisi: Dr. Cemal Berk OGUZSOY

Eyliil 2025, 158 sayfa

Bu tez, savunma ve havacilik sektorlerinde bal petegi yapili malzeme teknolojilerinin
gelecegini yapilandirilmig bir 6ngdrii siireci araciligiyla incelemektedir. Hem nitel
hem de nicel yaklagimlar1 bir araya getiren karma yontemli bir aragtirma tasarimi
uygulanmistir. Ilk adimda, vaka secimine girdi saglamak amaciyla yapilan nicel patent
analizi, bal petegi yapilarin havacilik malzeme teknolojisindeki artan Gnemini
dogrulamistir. Ardindan Futures Wheel (Gelecekler Carki) odak grup calismasi
gerceklestirilmistir ve 24 dngorii ifadesi elde edilmistir. Ongorii ifadeleri, gelecege
etki, operasyonel uygulama alanlar1 ve ¢ift kullanimli potansiyeli olmak {iizere {i¢
kritere gore degerlendirilmis; her bir kriterin gdreli 6nemi Analitik Hiyerarsi Siireci
(AHP) yontemiyle belirlenmistir. Nihai skorlar, katilimer puanlarinin bu agirliklarla
birlestirilmesiyle hesaplanmis; her bir skorun hem uzman yargisin1 hem de stratejik
oncelikleri yansitmasi saglanmistir. En yiiksek puan1 alan gelecek patikasina yonelik
Backcasting (Tersgorii) yontemiyle gerceklestirilen ikinci bir odak grup c¢alismasi

diizenlenmis, nitel veri analizi yapilmis ve politika 6nerileri gelistirilmistir.
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Toplamda 16 politika Onerisi tiretilmis, bunlar dort stratejik tema altinda gruplanmis

ve kisa, orta ve uzun vadeli zaman ufuklarina gore yapilandirilmistir.

Bu tez, Futures Wheel ciktilarindan ortaya c¢ikan gelecek patikalarim
onceliklendirmeye yonelik nicel bir model sunarak, kesifsel ve normatif yaklagimlari
birlestiren entegre bir Oongdrii ¢ercevesi uygulamakta ve ¢esitli savunma odakli
teknoloji alanlarina uygun esnek bir senaryo degerlendirme yontemi onermektedir.
Ayrica, Tiirkiye’nin savunma planlama ekosistemindeki 6nemli bir boslugu ele alarak,
uzun vadeli karar alma siireclerini destekleyecek ¢ogaltilabilir ve dl¢eklenebilir bir

Ongorii siireci sunmaktadir.

Anahtar Kelimeler: Ongorii, Tersgorii, Savunma ve Havacilik Teknolojileri,

Analitik Hiyerarsi Siireci (AHP), Senaryo Planlamasi
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To all who are ready to work like bees, seeking ways to decide and to shape the
future.
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CHAPTER 1

INTRODUCTION

The future of the defense and aerospace industry is directly influenced by
advancements in materials technologies. As materials science evolves at a remarkable
pace, it not only adapts to technological progress but also actively drives and enables
it. This transformative role of materials is not a recent phenomenon but a recurring
theme throughout history. From the early days of metallurgy to the rise of modern
nanotechnology, the development of new materials has consistently shaped
technological progress, particularly in military applications. The continuous
innovation in materials science is driven by the need to develop materials with specific

properties tailored for distinct applications (Rajput et al., 2024).

In the aerospace industry, where extreme conditions demand exceptional materials
performance, these advancements become even more critical. The development of new
materials technologies is vital for maintaining a competitive edge in the global
aerospace industry (Babus et al., 2004). While materials science is a critical factor in
advancing aerospace systems, it is important to consider the broader context of
technological innovation. The integration of artificial intelligence, cyber warfare, and
unmanned systems alongside advanced materials is transforming military capabilities
and strategies. The synergy between cutting-edge materials and emerging defense
technologies offers a comprehensive approach to strengthening military systems and

addressing the complexities of future threats (Patil et al., 2024).

Given this synergy and the rapid pace of materials advancements, it becomes crucial
to adopt future-ready decisions that enable long-term planning and informed
policymaking. As materials innovations continue to develop, their implications for

defense capabilities and technological landscapes become more profound and
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interdependent. Understanding and preparing for these future developments in
materials science is essential for industry leaders, governments, and academia,
allowing them to shape policies, allocate resources effectively, and secure sustained
global competitiveness. This proactive approach will ensure that the defense and
aerospace industry remain resilient and adaptable as new technologies and challenges

continue to emerge (Sarjito, 2024).

Technology foresight provides a systematic framework for proactive approach,
enables to identify emerging technologies and key research areas with the potential for
significant future impact (Martin, 1995). Rather than merely predicting the future,
foresight serves as a critical tool for shaping it by aligning technological developments
with strategic priorities and ensuring sustained competitiveness in an era of rapid
innovation (Romanowski & Nadolny, 2018). The foresight in materials science can
lead to economic benefits by identifying trends and opportunities for innovation,
ultimately strengthening national defense capabilities and competitiveness (Farcal et

al., 2023).

In this context, selecting and analyzing specific materials technology becomes
essential to demonstrate how foresight can inform future decisions in defense and
aerospace sectors. This thesis investigates honeycomb materials as a concrete case for
examining the future-oriented role of materials technology in defense and aerospace.
The decision to center the study on these materials was informed by a review of recent
literature and supported by a patent analysis, which indicated their growing strategic
relevance in advanced materials. Based on a geometric pattern found in nature and bio-
inspired by the efficient architecture of beehives, honeycomb materials are known for
combining strength with lightness (Qi et al., 2021), which are both especially vital
qualities in aerospace, where reducing weight is among the most critical design
requirements. In addition to enabling lightweight structures, they also allow for
enhanced functionality, making them one of the most strategically valuable material
systems in these fields (Bitzer, 1997; Singh et al., 2024). As materials technology, they
represent the broader goal of shaping and adapting materials to meet specific needs.

Their widespread and long-standing use in defense systems, and their continued



development for future platforms, highlight their strategic importance and the need to

include them in forward-looking policy and planning efforts (SSB, 2024).

To examine the future potential and strategic implications of honeycomb materials,
this thesis employs specific foresight methodologies designed to explore alternative
technological developments and inform future policy recommendations. For this
purpose, the study utilizes two foresight methods, known as Futures Wheel and
Backcasting. The Futures Wheel method facilitates the visualization of potential
consequences arising from a specific event or technological shift, allowing for the
exploration of both direct and indirect outcomes (Glenn, 2009). These outcomes help
construct alternative future paths, making the method a valuable tool within the
broader scenario planning process, which involves building structured narratives to
explore uncertainties and support strategic decision-making in the face of multiple
possible futures (Bradfield et al., 2005; Tran & Daim, 2008). Meanwhile, Backcasting
begins with the identification of a desired future state and works backward to outline

the necessary steps and actions required to achieve that future (Bengston et al., 2020).

Building upon the conceptual and methodological background outlined above, this
thesis investigates the future role of honeycomb materials technologies within the
defense and aerospace sectors. To guide this inquiry, the research is structured around
the following two central research questions:
1. What is the prioritized future of honeycomb materials technologies in the
defense and aerospace industries?

ii.  What policies are needed to enable the realization of this prioritized future?

These questions form the basis of the study, which adopts a mixed-methods approach
that integrates both quantitative and qualitative research techniques. In the context of
this thesis, the term prioritized future refers to the most strategically desirable and
policy-relevant future, identified through a structured expert evaluation process. This
prioritization is based on three key criteria: the transformative impact of the
technology, its operational applicability across defense platforms, and its dual-use

potential for both military and civilian sectors.



In the initial step, the study applied a quantitative methodology through patent analysis
to identify and validate honeycomb materials as a case study, confirming their
relevance and future potential as a transformative materials technology in the defense

and aerospace sectors.

In the initial step, rather than serving as a central analysis, the study applied a
quantitative methodology through patent analysis as an input for case validation. This
step was intended to empirically confirm that honeycomb materials represent an active
and strategically relevant technology, specifically within the defense and aerospace
sectors, thereby justifying their selection as the case study for subsequent foresight
exercises. Subsequently, the first focus group, based on the Futures Wheel method,
examined future scenarios ranging from the short to the long term, while exploring the
potential impacts of honeycomb materials technology on air and space platforms
within the defense industry over time. The focus group was composed of ten experts
from industry, government, and academia, selected for their specialization in defense
technologies, aerospace materials, and innovation policy. This stage combined
qualitative analysis with a prioritization process, where participants responded to

predefined criteria designed in advance.

The study conducted prioritization using the Analytic Hierarchy Process (AHP)
method, based on three main criteria: impact on the future, operational application
areas, and dual-use potential. Each criterion was evaluated, and each foresight
statement in the Futures Wheel was scored by the participants according to these
criteria. The data used for this assessment were collected during the first focus group.
Participants provided individual ratings for each foresight statement across the three
criteria and completed a pairwise comparison to determine the relative importance of
the criteria for AHP weighting. AHP was applied to calculate the weights of the
criteria. Final prioritization of future path was performed by calculating the scores of
each foresight statement with the corresponding AHP-derived criterion weights and
timeline weights. This allowed for the calculation of an overall score for each path in
the Futures Wheel, revealing the most prioritized future. In the second focus group,
the study applied qualitative analysis using a Backcasting-based format, in which

participants worked backward from the prioritized future to identify the actions and
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conditions required to achieve it, starting from long-term strategies and progressing
toward short-term steps. The discussion focused on exploring the policy
recommendations necessary for realizing this future, with particular attention to the
alignment of government, industry, and academia within the Triple Helix model. This
session included seven participants, six returning individuals from the previous
Futures Wheel focus group and one new expert with a background in patent analysis

and materials science, ensuring both continuity and a degree of disciplinary diversity.

Building upon the methodologies discussed, this thesis proposes an approach that
prioritizes the futures identified by participants through Futures Wheel tool and applies
it to the case of honeycomb materials technology in a defense related context. This
approach incorporates a unique set of criteria, enabling the systematic evaluation and
prioritization of potential future pathways derived from the Futures Wheel outcomes.
The methodology presented is designed to be adaptable, allowing any researcher or
practitioner to apply this tool to defense topics and refine the resulting future scenarios,
paving the way for the subsequent Backcasting step. While this thesis specifically
showcases a case study of materials science advancements in defense, the proposed
methodology is applicable to various other defense-related areas, providing a flexible

framework for future explorations.

1.1. Significance Of The Thesis

This thesis offers three significant contributions to the field of foresight. First, it
contributes to the establishment of systematic foresight practices in Tiirkiye,
particularly in the defense and aerospace industry, and underscores the significance of
this study in addressing that gap with the edge. Second, it tackles a major
methodological challenge by proposing a way to prioritize among the multiple
scenarios generated through the Futures Wheel, utilizing an integrated approach that
combines qualitative input with criteria-based weighting. This supports more informed
and transparent decision-making. Third, it offers a flexible and adaptable framework
for scenario evaluation and prioritization while originally applied to a case study in
materials science yet designed to be transferable to various other domains within the

defense field.



The first contribution which consists of integrating of foresight into defense planning
is crucial for anticipating disruptive trends and emerging threats. Without proactive
foresight, national defense strategies risk becoming reactive and inadequate in
addressing future challenges. For example, rapid advancements in synthetic biology
and biotechnology are reshaping the biological threat landscape, and the inability to
foresee such developments can significantly compromise strategic decision-making
(Nelson et al., 2021). In addition, foresight is vital for the efficient allocation of defense
resources. In its absence, decision-makers may misallocate funding, leading to
inefficiencies, capability gaps, or critical vulnerabilities that undermine long-term
security objectives (Katoch, 2006). Despite its strategic importance, foresight
activities and methodologies remain underutilized in Tiirkiye, particularly within the
defense sector. Although there are a few scholarly contributions focusing on foresight
and modeling in specific domains such as mobile applications in the defense industry
(Bilge, 2018), aerospace communication technologies (Yiiksel, 2018), and
cybersecurity (Cifci, 2019), Tirkiye still lacks an integrated strategic foresight
mechanism across its defense ecosystem. This deficiency is particularly evident in
areas such as the defense procurement cycle, which involves not only acquisition
decisions but also long-term planning, prioritization, and coordination across
institutions, all of which require strategic foresight to effectively anticipate future
threats and technological changes (Mevlutoglu, 2017). Such limited engagement with
foresight reflects a broader challenge observed in many developing countries, where
structural and institutional constraints often hinder the effective integration of
foresight tools into policy and planning frameworks. Dreyer and Stang (2013)
conducted a comparative study of foresight practices in 22 countries and observed that
such activities are predominantly concentrated in developed nations, often conducted
at national or regional levels. In contrast, low- and middle-income countries tend to
engage less with foresight, as they are preoccupied with more immediate concerns
such as poverty, basic security, and resource scarcity. The authors argue that while
many Western states use foresight as an active policy tool to navigate economic or
geopolitical uncertainties, for developing countries foresight often serves just as a
passive visioning exercise (Dreyer & Stang, 2013). Considering the growing

importance of foresight in achieving strategic resilience and global competitiveness,



Tiirkiye’s limited use of foresight in the defense sector reveals both a critical gap and
a unique opportunity. By adopting foresight practices more systematically and
embedding them into long term planning processes, Tiirkiye could enhance its capacity
to anticipate long-term challenges, make more informed strategic decisions, and
strengthen its position in the international defense arena. This thesis addresses that gap
by introducing a structured and adaptable foresight methodology, offering both a
practical tool and a concrete case study through the application of this approach to
honeycomb material technologies, which are recognized for their importance in
defense and aerospace. In doing so, it provides guidance for decision-makers in the
Turkish defense sector to engage with future-ready decisions in a more systematic and

effective manner.

The second contribution of that is relates to one of the key challenges in scenario
planning: selecting and prioritizing the most relevant scenarios among the many
alternatives generated, even though all scenarios hold value. Policymakers often
struggle to choose one scenario among many others to base their backcasting processes
on. Integrating scenario planning with Multi-Criteria Decision Analysis (MCDA) has
been proposed to enhance decision support. However, applying this integrated
approach in real-world contexts presents significant challenges (Montibeller et al.,
2006). Although Montibeller et al. (2006) conducted scenario planning for short-term
futures and explored these challenges through two case studies, they highlighted the
need for further improvements in the framework to effectively address these issues.
The inherent uncertainty in predicting future conditions complicates the selection of a
single preferred scenario (Bibri & Krogstie, 2019). Furthermore, as the number of
potential scenarios can grow exponentially, managing and prioritizing them effectively
becomes increasingly challenging. In light of this complexity, it is essential to adopt a
structured approach to scenario development and evaluation (McBurney & Parsons,
2001). In addition, the dynamic nature of social, political, and environmental changes
introduces further layers of uncertainty, making it difficult to predict which future will
yield the most favorable outcomes (Wiebe et al., 2018). Selecting a single path for the
future from a Futures Wheel refers to choosing one specific future trajectory, which is
essentially the same as selecting a preferred future scenario. This process, therefore,

requires a robust methodological framework capable of managing the complexity and
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uncertainty inherent in the various scenarios. Such a framework should incorporate
structured dialogues, carefully designed scenarios, and advanced analytical techniques
(Wiebe et al., 2018). Integrating scenario planning with decision-making models is

crucial to ensure more systematic and future-oriented policy outcomes (Cepni, 2019).

One major contribution of this thesis is in proposing a methodology that prioritizes
and evaluates scenarios while establishing clear criteria for their assessment, thereby
enhancing the practical applicability of the Futures Wheel tool for strategic decision-

making.

The third contribution of this thesis consists of offering a flexible and adaptable
framework for scenario evaluation and prioritization. While the methodology is
demonstrated through a case study focused on specific material technology, it is
designed to be transferable across a wide range of topics within the defense industry.
The structured process to be presented, from the construction of the Futures Wheel to
the development of prioritization criteria, can be applied to other defense-related
technological domains. Researchers and practitioners who follow the step-by-step
methodology suggested in this thesis will be equipped to systematically explore
alternative futures, identify prioritized one, and effectively conduct backcasting to
develop effective policies for the future based on the prioritized scenario. This
adaptability significantly enhances the utility of the proposed approach for foresight-

driven planning across the defense sector.

Finally, although this thesis primarily positions itself within the fields of foresight and
policy studies, it also provides a complementary contribution to the materials science
literature. By systematically examining the future potential of honeycomb materials
and linking their technological properties with long-term strategic planning, the study
highlights research and innovation areas that may guide future investigations in
materials science. Rather than offering a technical deep dive, the thesis bridges policy
foresight with materials-oriented perspectives, creating a complementary space for
dialogue between technology policy and materials science.

1.2. Organization of The Thesis



The first chapter of this thesis, the Introduction, provides an overview of the research
topic by outlining the thesis framework emphasizing its contributions to the field of
foresight. It also presents the structure of the thesis and includes a clear statement of

the research question, highlighting the problem the study aims to address.

Chapter 2, Literature Review, begins with an overview of technology foresight,
including its definition, and key approaches. It then narrows its focus to materials
science in the defense industry, presenting information related to honeycomb material

technologies and the application of technology foresight to materials science.

Chapter 3, Theoretical Background and Methodology, details the mixed-methods
approach employed in this thesis. It provides definitions and explanations of key
techniques such as patent analysis, futures wheel, backcasting, and multicriteria

decision-making, and discusses the relevance of these methods to the research.

Chapter 4, Findings and Discussion, presents the results of the patent analysis and the
outcomes of the focus group and prioritization process through the futures wheel
technique. It also includes a qualitative analysis of the findings, along with the results

derived from the backcasting-based focus group.

Chapter 5, Policy Recommendations and Conclusion, offers policy recommendations
based on the outcomes of the study. This chapter also revisits the research question,
synthesizes the findings, and provides insights derived from the analysis. Additionally,

it addresses the limitations of the study.



CHAPTER 2

LITERATURE REVIEW

This chapter is divided into two main sections. The first provides an overview of main
foresight concepts, outlining its definition, key methodologies, and commonly used
approaches. The second examines materials science and materials technology, with
particular emphasis on honeycomb materials, the role of materials science in the
defense industry, and the integration of technology foresight within the defense-

oriented materials technology context.

2.1. Technology Foresight

In literature, technology foresight has been defined in various ways, each emphasizing

different aspects of its multifaceted nature and applications.

One definition states technology foresight as “a process involved in systematically
attempting to look into the longer-term future of science, technology, economy, and
society with the aim of identifying the areas of strategic research and the emerging
generic technologies likely to yield the greatest economic and social benefits” (Martin,
1995). It is also presented as a tool for strategic planning and forecasting, helping
organizations navigate technological challenges and threats by providing precise
insights for strategy formation (Martin, 1996). Furthermore, it helps align visions,
goals, and development paths in science, technology, and innovation (STI),

particularly in rapidly changing environments (Kvasha & L. Musina, 2021).

In addition, technology foresight is characterized as a comprehensive approach that
integrates the outcomes of three interconnected activities: futures, planning and

networking (Miles, 2002) . The first is futures, conceptualized by (Miles, 2002) as an
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activity, which involves examining emerging trends, exploring long-term
developments, constructing alternative scenarios, and visions. The second is planning
which is focused on strategic analysis and setting priorities. Lastly, the third activity
is networking, which emphasizes the inclusion of diverse stakeholder groups such as
policymakers, researchers, industry representatives, and civil society actors through
structured collaboration. This activity plays a pivotal role in technology foresight by
fostering the integration of multiple perspectives, enhancing the legitimacy and
inclusiveness of the foresight process, and building collective intelligence among
stakeholders actively involved in scenario development and priority setting. The active
engagement of these stakeholders ensures that ensures that the foresight outcomes are
more robust, inclusive, and reflective insights, thereby enriching the overall strategic
planning and decision-making processes (Armanto, 2024). Together, these three
activities form a cohesive framework for foresight practices (Miles, 2002).
Synthesizing these perspectives, technology foresight can be understood as an
interdisciplinary and methodical process that integrates diverse methodologies to
identify key domains and prioritize investments and research. This approach supports
the development of medium- to long-term strategies while optimizing resources across
organizational, national, and international levels. This definition highlights the core of
foresight by emphasizing its strategic and innovation-oriented dimensions (Yuksel &

Cifci, 2017).

In addition to technology foresight, there is a distinct term in the literature known as
strategic foresight, which is described as the process of building the ability to see the
future by broadening visionary capabilities, which involves mapping systems,
studying history, scanning the environment, and integrating insights from diverse
stakeholders to enhance understanding and develop foresight with insight (Hines,
2008). This approach not only focuses on envisioning future possibilities but also
aligns closely with strategic foresight’s primary goal of helping organizations and
policymakers anticipate future changes, so that they can implement both short-term
actions and long-term strategies to mitigate undesirable impacts (Hamel et al., 2021).
Moreover, in the context of policy-making, strategic foresight is used to future-proof
decisions by grounding them in a longer-term perspective, thereby ensuring that

policies are adaptable and considerate of future societal needs (Bock & Kettemann,
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2024). In addition, for businesses, strategic foresight serves as a micro-foundation of
dynamic capabilities, which supports the continuous alignment of assets and resources

to respond flexibly to uncertain environments (Mohammadi, 2023).

Table 1. Characteristics of Technology Foresight and Strategic Foresight

Aspect |Technology Foresight Strategic Foresight

A process systematically exploring the| . o
) Building the ability to anticipate
longer-term  future of  science,
‘ the future through broad visionary
__ |ftechnology, economy, and society to o _ ‘ ‘
Definition|| ‘ _ _|lcapabilities, integrating diverse
identify emerging technologies with|| .
insights from stakeholders (Hines,

economic and social benefits (Martin,
2008).

1995).

Helps organizations anticipate||Aims to anticipate future changes

technological changes and navigate|to implement both short-term

Purpose : 4 . ,
technological challenges by providing|lactions and long-term strategies
strategic insights (Martin, 1996). (Hamel et al., 2021).
Futures (exploring long-term|[Mapping systems, scanning the

K possibilities), Planning (strategic|lenvironment, integrating diverse

ey
~ |lanalysis), networking (broadening|stakeholder insights to create
Activities

participation ~ and  collaboration)||foresight with insight (Hines,

(Miles, 2002). 2008).

The key difference between technology foresight and strategic foresight lies in their
focus and approach. Technology foresight may consider economic and societal
dimensions (Martin, 1995), it typically places a stronger emphasis on identifying and
assessing emerging technologies. Strategic foresight, by contrast, adopts a broader lens
that systematically includes technological, economic, social, and political drivers of
change (Linturi et al., 2022). Furthermore, technology foresight often uses quantitative
methods and road-mapping, whereas strategic foresight relies more on qualitative
scenario planning and trend analysis (Gentner et al., 2018; McGowan, 2022). Although
technology foresight and strategic foresight are conceptually distinct, they exhibit
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methodological and functional similarities, making them closely aligned in practical
applications. Technology foresight primarily focuses on the identification and
assessment of emerging technological trends, which can be integrated into the broader
strategic foresight process to develop comprehensive strategies that consider multiple
future scenarios. This integration is essential for organizations and governments to
effectively navigate the complexities of future developments and ensure sustainable

growth and innovation.

2.1.1. Technology Foresight Methodologies

Throughout the technology foresight process, a diverse array of methodologies is
carefully employed to draw well-informed conclusions about the potential
advancements and developments that may shape the future of technology. Technology
foresight methodologies can be broadly classified into several categories based on their

characteristics and applications.

These methodologies can group into exploratory and normative approaches, each
serving different purposes and offering unique insights. Exploratory methods focus on
uncovering possible futures based on current trends and data. These methods aim to
explore potential developments without a predefined goal, allowing for a broad view
of future possibilities. Common examples include trend extrapolation, where past and
current trends are extended into the future, and scenario-based techniques which
explore different possible scenarios to understand a range of potential outcomes
(Surve, 2014). Scenario-based techniques constitute a substantial subset of exploratory
foresight methodologies. These approaches assist organizations and policymakers in
navigating complex and ambiguous futures by organizing diverse input into structured
frameworks. Among these, scenario analysis and scenario planning are commonly
used and often appear interchangeably in the literature. While they are closely related,
scenario planning is generally more strategic in scope (Bradfield et al., 2005). As it
depicts multiple future scenarios through structured narratives, helping organizations
explore uncertainties and prepare for different possible developments. This makes it
particularly valuable in the context of technology strategy development (Tran & Daim,

2008).
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Normative methods begin with a desired future outcome and work backward to
identify the necessary steps to achieve that future. These methods are goal-oriented,
often employing techniques like backcasting, which involves mapping out the
necessary actions to reach a specific future, and technology roadmapping, which
outlines the path forward to realize long-term goals. Technology roadmapping is a
structured visual framework to align technological capabilities with future goals,
outlining what technologies are needed, when, and how they can be developed or
implemented over time (Phaal et al., 2004). Therefore, while exploratory methods are
used to anticipate multiple potential futures, normative methods are focused on

achieving a specific, desired future outcome (Surve, 2014).

Various studies have linked scenario planning from exploratory and technology
roadmapping from normative methods (Hussain et al., 2017; Phaal et al., 2004), with
some proposing integrated applications of both (Saritas & Aylen, 2010). While
scenario planning offers a flexible way to explore uncertain futures, roadmapping
translates those insights into concrete pathways for action. Integrating the two requires
thoughtful design, as they operate at different levels, strategic versus operational, but
their combination is particularly powerful in guiding innovation, long-term planning,
and policy formulation (Saritas & Aylen, 2010). In this context, the fusion of scenario
planning and roadmapping not only enhances the capacity of organizations to
systematically anticipate, interpret, and respond to future developments but also
supports the development of evidence-based policy recommendations by linking
future visions with actionable strategies (Cann, 2010; Philbin, 2013). This makes them
valuable tools not only for corporate decision-making but also for informing Science,

Technology, and Innovation (STI) policies.

2.2. Materials Science

Materials science is an interdisciplinary field that focuses on understanding the
properties, structure, and performance of materials, and their applications across

various scientific and engineering disciplines such as mechanical, electrical, and civil

engineering (Wang et al., 2020). It investigates the relationship between the structure
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of materials at atomic or molecular scales and their macroscopic properties, which is

crucial for designing and fabricating advanced materials (Parinov et al., 2022).

Materials science often involves distinguishing between the basic properties of
materials and the technological methods through which these materials are configured
into functional forms. Recognizing this distinction helps clarify the different focuses

within material-related research and development.

Material types refer to general classes of substances such as composites, polymers,
metals, ceramics, and nanomaterials, which are defined by their intrinsic physical and
chemical properties (Ashby & Johnson, 2003; Callister & Rethwisch, 2020). These
types serve as the essential building blocks of materials science and provide the basis
for performance-driven innovations across sectors including aerospace, biomedicine,

and energy (Callister & Rethwisch, 2020; Lombardo & Wang, 2021).

Materials technology refers to the technological processes used to modify, enhance,
and apply materials to meet specific functional requirements (Burte, 1995). Materials
technology emphasizes the transformation and optimization of material properties
such as strength, flexibility, thermal resistance, or weight through techniques like
processing, alloying, surface treatment, or structuring. According to the Norwegian
University of Science and Technology (NTNU) (2017), it is a broad discipline that
begins with the use of raw materials and extends to shaping them into forms required
for intended functions, Aarhus University (2023) further defines materials technology
as a cross-disciplinary field that integrates materials and production technologies to
improve and adapt existing material systems for new demands . From this perspective,
materials technology serves as a functional engineering solution, responding to
specific design and performance challenges by tailoring the physical properties and
internal architectures of materials. Examples of materials technologies include the
development of engineered foams, architectured materials, and other structurally
focused systems. Engineered foams, such as polymeric or metallic foams, are created
by introducing gas bubbles into a solid matrix, enhancing properties like energy
absorption, thermal insulation, and lightweight performance through material

structuring (Ashby, 2006). These foams represent materials technologies where
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intrinsic material characteristics such as density and mechanical damping are
systematically tailored for targeted applications like impact protection or thermal
management. Architectured materials are materials in which the mechanical or
functional performance is primarily governed by their internal geometry rather than
by composition alone. These materials are deliberately designed with ordered
structures such as cellular frameworks, or periodic patterns to achieve desired
behaviors across multiple scales (Fleck et al., 2010). Honeycomb structures, as a
subclass of architectured materials, leverage geometric arrangement to significantly
improve the strength-to-weight ratio of metals, polymers, or composites without
changing their fundamental chemistry (Bitzer, 1997).They demonstrate the critical
role of internal geometry and spatial configuration in achieving high-performance
material behavior (Qi et al., 2021). This reflects a broader shift in engineering and
aerospace innovation, where functionality arises not only from what materials are

made of, but from how they are constructed.

2.2.1. Materials Science in Defense Industries

Across various industries the defense and aerospace industry stand out as one where
materials science plays a particularly critical role, with its innovative applications
driving technological advancements, enhancing operational capabilities, and
addressing complex challenges. The literature highlights the significant impact of
composite materials and processes and nanomaterials in these industries. Table 2
summarizes the key materials, their functions, and the corresponding literature sources

describing these developments.

Composite materials, including polymer and ceramic matrix composites, offer
significant advantages in aerospace applications by combining increased strength,
corrosion resistance, and stiffness, which enable the development of lighter, more
durable airframes with superior aero-thermodynamic properties and operational
reliability (Yillik¢1 & Findik, 2013). These materials, such as carbon fiber-reinforced
polymers (CFRP), possess a high strength-to-weight ratio, offering both high strength
and stiffness while maintaining a low density, which is crucial for reducing the overall

weight of aerospace structures (Kesarwani, 2017). Moreover, hybrid composites,
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which integrate metal fibers into CFRP, enhance damage tolerance and electrical
conductivity, mitigating the brittle failure behavior typically seen in traditional CFRP
(Hannemann, 2018). In addition, advances in self-healing composites, such as the
development of microcapsule-based, vascular, and intrinsic healing mechanisms,
contribute significantly to improved mechanical performance, durability, and
structural integrity under harsh conditions. These technologies address the challenge
of damage susceptibility in composite materials, offering the potential to
autonomously repair damage, thus enhancing the safety and longevity of aerospace
component (Raj et al., 2024). Furthermore, these multifunctional materials can also
incorporate additional features like electrical conductivity and impact resistance,

significantly enhancing the performance of aerospace systems (Williams, 2019)

The integration of sustainable biocomposites and the application of Al in materials
design represent promising future directions for further improving composite materials
in aerospace (Al-Mamun et al., 2024). However, challenges remain, such as cost
reduction and the need for improved processing methods. The brittle nature of some
composites and their susceptibility to specific types of damage necessitate ongoing
research and development to fully exploit their potential in aerospace and defense
systems (Zhou, 2021). In the future, improvements should focus on enhancing damage
tolerance through the development of more resilient matrix materials, incorporating
smart damage detection systems, and advancing self-repair technologies. By
addressing these gaps, the full potential of composite materials can be harnessed to

achieve safer, more reliable, and sustainable airframe designs.

Nanomaterials, such as carbon nanotubes and graphene, provide enhanced strength,
lightweight properties, and high-temperature tolerance, reducing the weight of
aerospace structures by up to 30% and improving fuel efficiency and performance
Additionally, nano-ceramics and graphene-based composites offer high-temperature
tolerance and wear resistance, making them crucial for aerospace components exposed
to extreme conditions. Nanomaterials optimize fuel additives and enhance sensor
performance, contributing to more efficient and reliable aerospace systems (Hu,
2024). In defense applications, carbon nanotubes are utilized in body armor and smart

textiles, providing enhanced strength and flexibility. Nanomaterials are also used in
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radar-absorbing structures and camouflage paints, improving stealth capabilities (Guo
et al., 2023). Furthermore, nanostructured materials, like nanothermites, are being
developed for more efficient and safer explosives and propellants (Comet et al., 2019).
While the potential of nanomaterials in aerospace and defense is significant, there are
challenges to be addressed, such as cost, processing difficulties, and the need for
further research to fully realize their capabilities. The integration of nanomaterials into
operational systems requires collaboration between materials scientists and industry
experts to overcome these hurdles and ensure the safe and effective deployment of
these advanced materials (Kamal, 2018). Continued development of polymer and
ceramic nanocomposites is expected to provide better electromagnetic shielding and
structural health monitoring capabilities (Rathod et al., 2017). However, integration
challenges remain in scaling up production and seamlessly integrating these materials
into existing systems (Samareh & Siochi, 2017). Table 2 provides a summary of the
literature reviewed on materials used in the defense and aerospace industries,

highlighting key advancements, applications, and related research trends.

Table 2. Literature Review Summary on Materials for Defense and Aerospace

Industries

Material Function Source

Composite Materials Strong, corrosion-resistant, | Yillik¢t & Findik
lightweight airframes. (2013)

Carbon  Fiber-Reinforced | High strength-to-weight ratio, | Kesarwani (2017)

Polymers (CFRP) reduced structure weight.

Hybrid Composites (CFRP | Improved damage tolerance, | Hannemann

with Metal Fibers) electrical conductivity. (2018)

Self-Healing Composites Autonomous repair, enhanced | Raj et al. (2024)
durability.

Multifunctional Composites | Electrical conductivity, impact | Williams (2019)
resistance.

Sustainable Biocomposites | Eco-friendly, sustainable | Al-Mamun et al.
materials. (2024)

Table 2. (continued)
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Nanomaterials (e.g., Carbon
Nanotubes, Nano-

Ceramics, Graphene)

Lightweight, fuel-efficient,
high-temp tolerant structures.
High-temp tolerance, wear
resistance.

Hu (2024)

Nanomaterials

Enhanced armor, stealth via

radar absorption.

Guo et al. (2023)

Nanostructured  Materials

Efficient, safer explosives and

Comet et al

(e.g., Nanothermites) propellants. (2019)

Polymer and Ceramic | Electromagnetic shielding, | Rathod et al.

Nanocomposites health monitoring. (2017)

Nanomaterials for | Safe, scalable integration. Kamal  (2018);

Operational Systems Samareh & Siochi
(2017)

While composite and nanomaterials have substantially enhanced the performance,
multifunctionality, and resilience of aecrospace and defense systems ,as shown in Table
2, recent studies increasingly emphasizes not only the material types but also the
materials technologies and structural configurations in which these materials are
implemented, highlighting a shift toward architectured materials as critical drivers of
next-generation aerospace and defense applications (Benedetti et al., 2021;

Kladovasilakis et al., 2022; Singh et al., 2024).

Among these honeycomb materials technology have emerged as one of the most
predominant and widely adopted configurations, particularly in aerospace and defense
applications (Acanfora et al., 2023; Ambekar et al., 2021; Farooq et al., 2017).
Honeycomb materials technology come forward as critical components in next-
generation material systems, primarily due to their superior energy absorption
capabilities and mechanical efficiency under dynamic loading conditions (Castanie et
al., 2020; Kamble, 2023). Honeycomb materials technology are also considered highly
effective in meeting Size, Weight, and Power (SWaP) optimization requirements,
offering high specific strength and stiffness while facilitating the integration of
multifunctional properties such as thermal insulation, acoustic damping, and impact

resistance (Aminanda et al., 2005).
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In addition, extant literature highlights not only the intrinsic advantages of honeycomb
architectures but also their widespread adoption in both experimental and operational
platforms across aerospace and defense domains. National-level strategic documents,
such as the Composite Technologies Vision Report by the Presidency of Defense
Industries (SSB, 2024), explicitly emphasize honeycomb core-based technologies as a
foundational element for achieving lightweight, durable, and multifunctional
indigenous defense systems. This national perspective is echoed by multiple NASA
technical reports, which explore the structural efficiency and energy absorption
behavior of honeycomb sandwich panels under extreme mechanical and thermal
conditions, including hypervelocity impacts and pressurization loads (Nettles et al.,

2023; Rinker et al., 2013; Ryan et al., 2009).

2.2.2. Honeycomb Materials Technology

Honeycomb materials technology take their inspiration from the remarkable
architecture of natural beehives, where honeybees construct highly efficient hexagonal
cells for storing honey and pollen (Qi et al., 2021). As illustrated in Figure 1 this
biological design has evolved over millions of years to achieve an optimal balance
between strength and material efficiency. The mathematical foundation of this
efficiency was confirmed by Hales in 2001, who proved that the hexagonal
configuration maximizes enclosed area while minimizing construction material
(Hales, 2001). This naturally optimized geometry has since become a model for

engineered honeycomb materials used across a wide range of structural applications.

Figure 1. Basic concept of honeycomb with hexagonal configuration and natural
beehive.

Source: Qi et al., 2021
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To support this section, Table 3 presents a glossary of key technical terms referenced

throughout the text to aid clarity and ensure terminological consistency.

While the hexagonal honeycomb is the most iconic and extensively studied form,
recent advances in materials science have demonstrated that cellular materials inspired
by nature can exhibit a wide range of geometries beyond simple hexagons (Zhang et
al., 2020). These include triangular, square, kagome, re-entrant, and even stochastic or
gradient-based architectures, each offering unique mechanical properties tailored to

specific engineering demands (Qi et al., 2021).

These architected geometries are collectively referred to as lattice structures. A lattice
is defined as a periodic or aperiodic network of interconnected struts or nodes that
form the internal architecture of a material, often optimized for lightweight and high-

strength performance (M.F Ashby, 2006).

The performance of lattice structures depends not only on their geometry but also on
the manufacturing method, which influences material efficiency, structural integrity,
and scalability (Bitzer, 1997). As such, various manufacturing techniques have been
developed to accommodate different materials and lattice configurations (M.F Ashby,

2006).

Although the terms honeycomb and lattice are sometimes used interchangeably in the
studies, it is important to distinguish between them. Lattice structures refer to a broad
class of architected materials characterized by a network of interconnected struts or
nodes, which may exhibit two- or three-dimensional periodicity. Honeycomb
structures, by contrast, constitute a specific subset of lattice architectures, typically
based on regular two-dimensional patterns such as hexagonal, triangular, or square
cells. While all honeycombs are lattices, not all lattices adopt a honeycomb

configuration.

The manufacturing method for the honeycomb structures varies based on the material
used. Metallic honeycomb structures, typically made of aluminum or titanium alloys,

are often produced through subtractive manufacturing as machining, or expansion
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processes (Jaafar et al., 2021). Machining creates honeycomb structures by cutting
material from a solid block, which is accurate but time-consuming and wasteful (Yu
etal., 2019). Expansion bonds thin metal sheets to form the honeycomb, which is faster
and more material-efficient, but adhesive bond strength is critical (Qi et al., 2021).
Aluminum alloys and titanium alloys are common materials of honeycomb in
aerospace applications (Bitzer, 1997). On the other hand, the most common used
honeycomb structures are made from polymers and are commonly manufactured using
additive manufacturing processes or by bonding pre-formed composite sheets
(Miranda et al., 2021). These materials are increasingly viewed as the most promising
alternatives to metallic lattices, not only due to their mechanical adaptability but
especially because of their substantially lower weight (Tancogne-Dejean et al., 2018).
Additive manufacturing has gained significant traction in recent years for producing
such structures, particularly because it enables the creation of topologically optimized
lattice geometries. These are designed through computational algorithms to place
material only where it is structurally necessary, thereby reducing weight without
compromising mechanical performance (Seharing et al., 2020). This process of
selectively distributing material based on load paths and functional requirements is
what defines topological optimization, making it a key approach in aerospace
engineering where both strength and weight savings are paramount. Consequently,
additive manufacturing has become the most common and versatile method for
fabricating complex honeycomb and lattice structures in aerospace applications (Singh

et al., 2024).

In engineering applications, honeycomb structures are rarely applied as independent
structural elements. They are most frequently integrated as a core component within
composite sandwich structures. A sandwich structure is a type of layered composite
material system that combines mechanical efficiency with minimal weight (Callister
& Rethwisch, 2020). It typically consists of three distinct layers: two high-strength
outer layers referred to as face sheets, a low-density inner layer known as the core, and
a thin adhesive layer that bonds them together. The core, positioned between the face
sheets, increases the overall thickness and bending stiffness of the structure without

significantly increasing its mass (Callister & Rethwisch, 2020; Kamble, 2023; M.F
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Ashby, 2006; Q. Zhang et al., 2015). This structural configuration is shown in Figure

Face sheet

Fabricated
sandwich
panel

Figure 2. Construction of a honeycomb core sandwich panel

Source: Callister and Rethwisch (2020), originally adapted from ASM International
(1987)

When honeycomb structures are employed in this context, it serves as the structural
core, offering excellent stiffness-to-weight and strength-to-weight characteristics. This
configuration is widely utilized in aerospace and defense industries, where structural
performance must be balanced with strict weight limitations (Bitzer, 1997). Within
this framework, the term honeycomb does not refer to the broader class of lattice
geometries but specifically denotes the internal core structure found in what is

technically identified as a honeycomb sandwich panel.

The materials commonly found in honeycomb cores can be grouped into two main
types, known as thermosets and thermoplastics. These terms refer to how each material
behaves when exposed to heat. Thermosets are materials that, once heated and shaped,
become permanently hard and cannot be reshaped. This hardening process is called
curing and results in a rigid structure. Epoxy and phenolic resins are typical examples
of thermosets, often chosen when the application requires strength and resistance to
high temperatures (Meza-Mendoza et al., 2018). The thermoplastics, on the other
hand, can be softened by heat and reshaped multiple times without being damaged.
Materials such as polypropylene and polyetherimide belong to this category (Callister

& Rethwisch, 2020). Because thermoplastics are easier to recycle, better at absorbing
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impact, and more compatible with automated manufacturing techniques, they are

becoming more widely used in modern production (Zaaba et al., 2021).

This thesis positions honeycomb as a form of materials technology rather than simply
a material type or structural geometry. This framing aligns with the definition of
materials technology as the application of scientific and engineering principles to tailor
material properties through structural design, processing methods, and functional
integration (Ashby & Johnson, 2003). Honeycomb systems do not constitute a unique
material in terms of chemical composition; instead, they represent a technologically
mediated enhancement of base materials, such as metals, polymers, or composites,
through geometric structuring. Their performance arises not from the intrinsic
characteristics of the material alone, but from the deliberate engineering of internal
architecture, manufacturing techniques, and application-specific configurations (Qi et
al., 2021). In this respect, honeycomb structures exemplify a core principle of
materials technology, achieving functional performance through the optimization of
form rather than substance. As shown in prior studies, honeycomb configurations
enable significant improvements in stiffness-to-weight and strength-to-weight ratios,
making them indispensable in advanced structural systems such as aerospace sandwich
panels (Bitzer, 1997; Zenkert, 1995). Accordingly, within the scope of this thesis,
honeycomb is not treated as a static material type or just geometry but as a dynamic
materials technology that reflects the convergence of geometry, manufacturing, and

application in modern materials engineering.

Honeycomb materials technology have found their most prominent and widespread
applications in the aerospace and defense industries, particularly within aircraft
fuselages, wing panels, floorboards, radomes, and spacecraft components, where high
stiffness-to-weight and strength-to-weight ratios are essential (Bitzer, 1997; Zenkert,
1995). Their use dates back to the mid-20th century, notably in military aircraft and
space vehicles, where the demand for lightweight yet structurally robust materials first
drove innovation in composite sandwich panels (Ma et al., 2021). Today, honeycomb
cores remain a fundamental materials technology in advanced aerostructures and
continue to evolve with the integration of thermoplastic matrices, additive

manufacturing, and multifunctional design capabilities (Qi et al., 2021; Tancogne-
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Dejean et al., 2018). Looking ahead, honeycomb structures are expected to play a
critical role in next-generation aircraft, unmanned aerial systems, and reusable space
systems, where the trade-off between performance, weight, and sustainability is more
critical than ever (Singh et al., 2024). However, several technical challenges remain.
These challenges include splitting layers under dynamic loading, moisture absorption
in polymer-based cores, core crush, limitations in repairability, and the need for better
damage detection techniques (Birman & Kardomateas, 2018). Addressing these issues
requires further development in smart core materials, real-time structural health
monitoring, and improved core—face bonding techniques, which represent active areas
of ongoing research and technological advancement (Ma et al., 2021; Sobhy & Al
Mukahal, 2023; H. Wang et al., 2019).

Given the technical nature of many of the concepts discussed above and considering
that this thesis is addressed to readers without a background in materials engineering,
with honeycomb presented as one case within a broader methodological context, a
glossary of key terms related to honeycomb materials technology is provided in Table

3 to clarify the terminology used under that title.

Table 3. Glossary of Key Technical Terms in Honeycomb Materials Technology

Term Definition Source

A process that builds parts layer by
Additive layer from digital designs, allowing .
Manufacturing complex shapes and efficient Seharing et al. (2020)

material use.

Materials in which the mechanical
or functional properties are
primarily determined by their
internal geometry rather than by
chemical composition. These Fleck et al. (2010)
materials are deliberately designed
with patterns or cellular structures to
achieve specific performance
outcomes.

Architectured
Materials

A type of failure in sandwich panels
Core Crush where the lightweight core collapses
under pressure or impact.

Birman &
Kardomateas (2018)

Table 3. (continued)
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Core-Face
Bonding

The adhesion between the outer
layers and the core in a sandwich
panel, which is essential for
transferring forces and maintaining
strength.

Ma et al. (2021)

Honeycomb Core

A lightweight material with a
regular, often hexagonal, cell
structure used inside composite
panels to increase stiffness without
adding much weight.

Bitzer (1997)

Lattice Structure

A material made of a repeating
network of struts or nodes, often
used to form lightweight, high-
performance architectures.

Ashby (2006)

Material
Technology

The use of scientific and
engineering methods to improve,
adapt, or apply materials for specific
functions or design needs.

Burte (1995)

Sandwich Panel

A three-layered structure made of
two strong outer layers (face sheets)
and a lightweight core, designed to
combine strength and low weight.

Callister & Rethwisch
(2020)

Smart Materials

Materials that can change their
properties in response to
environmental changes, such as
temperature, pressure, or magnetic
fields.

Sobhy & Al Mukahal
(2023)

The use of sensors and data analysis

Structural Health |to monitor a structure's condition Wang et al. (2019)
Monitoring over time and detect possible & '

damage.

. A plastic that softens whqn hegted Callister & Rethwisch

Thermoplastic and can be reshaped multiple times (2020)

without degrading its properties.

A type .of plastic Fhat becomes hard Meza-Mendoza et al.
Thermoset and rigid after being heated once, (2018)

and cannot be reshaped.

A design method that determines the
Topological best placement of material based on | ..
Optimization performance needs, often used to Qietal. (2021)

reduce weight.
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2.3. Materials Technology Foresight Studies

Foresight studies are crucial across various sectors, and several studies specifically
focus on foresighting new materials. One study explores scenario planning as a key
method to explore the benefits of nanotechnology while managing associated risks.
This research emphasizes the role of scenario planning in informing strategic
decisions, addressing public concerns, and guiding leadership by examining the
societal impacts of nanotechnology through hypothetical future scenarios (Farber &
Lakhtakia, 2009). Another study examines more exploratory foresight by examining
the potential technological advances in materials science over the next 50 years. It
highlights themes such as sustainable cities, energy security, food and water security,
and healthcare. This research discusses how materials science can contribute to solving
these global challenges through the development of new materials and technologies
(Miodownik, 2015). Furthermore, another study focuses on trend observation and
employs exploratory methods, presenting its own ideas about the future of materials
science. It looks beyond the last 50 years to envision advancements in various fields,
including Energy, Transportation, Construction, Packaging, Recycling, and
Healthcare (Apelian, 2007). In addition, some of the studies are more data-driven and
evidence-based. One such study focuses on advanced nanomaterials and utilizes trend
extrapolation techniques. This research applies data from SCOPUS, CORDIS, and
PATSTAT databases to analyze trends, impacts, and implications. It develops
indicators based on scientific publications, EU projects, patents, and funding programs

(Farcal et al., 2023).

While these studies provide valuable insights, they often lack a methodological
framework and tend to focus more broadly on speculative possibilities rather than
offering concrete strategies for implementation. In contrast, recent foresight exercises
conducted by organizations such as NATO, the European Union, and the Australian
Government Department of Defense offer structured approaches to exploring the long-
term implications of material advancements in defense industries. Through a detailed
examination of these reports, valuable insights can be gained into emerging trends,
key challenges, and potential opportunities shaping the future landscape of materials

science in these strategic domains.
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The NATO Science & Technology Trends 2023-2043 Report (Reding et al., 2023)
identifies novel materials and manufacturing as one of the most disruptive
technological fields. This research emphasizes the design and optimization of
advanced materials and manufacturing techniques to address evolving defense needs.
Key advancements in Al, quantum sciences, biotechnology, and hypersonics support
this area, which prioritizes sustainability, rapid adaptation, on-demand production, and
the resolution of SWaP-C (Size, Weight, Power, and Cost) challenges. Notable
materials include two-dimensional materials such as graphene and graphyne, quantum
nanomaterials, and advanced polymers, which exhibit unique properties like
lightweight durability, eco-friendliness, and energy efficiency. The report highlights
the transformative potential of two-dimensional materials, particularly in aerospace
applications, where they enhance lightweight and strong composite structures critical
for advanced technologies. Graphene, with its exceptional strength and conductivity,
is a prime example, offering significant improvements in the performance and
capabilities of aerospace systems. Research on 2D materials also extends to high-
frequency electronics essential for radar and cooling systems, paving the way for more
efficient and reliable aerospace technologies that provide critical advantages in
defense applications. Additionally, nanomaterials facilitate breakthroughs in optics,
acoustics, and electromagnetics, enhancing wave propagation control and enabling

advanced technologies (Reding et al., 2023) .

Similarly, the EU Policy Lab, a unit within the European Commission’s Joint Research
Centre (JRC), conducted a participatory technology foresight exercise to identify and
analyze emerging and disruptive materials technologies relevant to space, defense, and
related civil industries (Farinha et al., 2023). The study highlights materials technology
essential for advancing quantum communication technologies, such as those used for
entangled photon production and nitrogen-vacancy (NV) centers in diamond, which
are particularly significant for quantum sensing and communication. Integrated
photonics materials are emphasized for their role in developing quantum
communication systems and their implications for the EU’s position in international
standard settings. The report also underscores the criticality of silicon and
semiconductor materials, particularly as silicon photonics and hybrid integration gain

prominence, while noting challenges for start-ups in accessing these materials. Carbon
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fiber composites, thermoset resins, and high-strength aluminum alloys are identified
as crucial for future applications in space and defense. Additionally, lightweight
radiation-resistant materials are highlighted for their potential in deep space
exploration, and the scalable, low-cost manufacturing of nanosystems and materials
for space applications is considered a key area for innovation (European Commission.

Joint Research Centre., 2023; Farinha et al., 2023).

In Australia, The Department of Defense has conducted a comprehensive foresight
study aimed at identifying observations, insights, and strategic opportunities in
advanced materials and manufacturing, with a projection through 2040 (Burnett et al.,
2018). This study underscores the critical importance of several materials technologies
within the aerospace sector. Among these, composites and coatings are highlighted for
their role in enhancing the performance and durability of aerospace components. Their
ability to withstand extreme operational environments makes them indispensable for
future advancements in aerospace systems. Another materials technology of focus is
graphene-enhanced polymers, which contribute to the development of lighter yet
stronger structures, essential for improving the efficiency and safety of aerospace
technologies. These polymers offer the potential for significant weight reductions
while maintaining or even increasing structural integrity, a key consideration for
aerospace applications. Furthermore, the study emphasizes the transformative
potential of nanomaterials, developed at the atomic and molecular levels. These
materials exhibit unique properties—such as superior strength, conductivity, and
thermal resistance—that can revolutionize aerospace technologies by enabling more
advanced and efficient designs. The report aligns with the broader efforts of the
Emerging Disruptive Technology Assessment Symposium (EDTAS) which is part of
a government-led initiative focused on identifying and supporting the development of
emerging technologies for future defense applications. The EDTAS series employs a
systematic five-step methodology: Shaping & Insights Paper, Focused Technology
Scan, Military Application and Implications, Capability Concept Capture, and
Backcasting Validation. This structured approach ensures a thorough assessment of
emerging technologies from conceptualization to strategic planning (Burnett et al.,

2018)
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Finally, Liu et al. (2018), present a strategic foresight report aimed at advancing
multiscale modeling and simulation to enhance supply chain efficiency and
innovation. As a foresight and visioning report, it remains a living document,
periodically updated to ensure continued relevance. Developed in collaboration with
key industry stakeholders and supported by NASA, the roadmap defines a vision for
the future of materials and structure modeling by 2040. To maintain its relevance, each
gap and recommended action is tied to one or more of the following end-state
characteristics: accessible, adaptive, interoperable, robust, traceable, and user-
friendly. The study also highlights several materials technologies crucial for advancing

multiscale modeling and simulation (Liu et al., 2018).

When the studies conducted in this field are examined, it becomes evident that
foresight research related to materials technologies has made substantial contributions
to identifying long-term trends, disruptive innovations, and emerging priorities within
the defense and aerospace sectors. These studies, particularly those led by NATO, the
European Union, and national defense agencies, provide structured roadmaps and
scenario-based analyses that inform policy and investment strategies at a strategic
level. However, while they offer valuable insights into the future of materials science,
they largely remain high-level in scope and do not provide detailed, implementation-
oriented frameworks, especially regarding specific material technologies such as

honeycomb structures.

Despite the strategic importance of honeycomb materials in advanced aerospace
systems, no foresight study to date has directly focused on their future development
pathways. This reveals a clear gap in the literature, which limits the ability of defense
and aerospace stakeholders to systematically evaluate, prioritize, and integrate

honeycomb technologies into long-term planning efforts.

In response, this thesis introduces a mixed-methods foresight framework that
incorporates both qualitative data from expert interviews and focus group discussions,
along with quantitative tools such as Multicriteria Decision-Making methods
embedded within the Futures Wheel, to systematically evaluate and prioritize potential

material transformations in aerospace systems. This methodology enables not only the
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identification of future honeycomb-related advancements but also the development of
actionable strategies for their adoption. By positioning honeycomb materials as a case
study, this research bridges the gap between foresight outputs and material-specific
implementation, offering a novel contribution that is both methodological and

practical in scope.

In summary, this chapter has reviewed the existing literature on foresight
methodologies and emerging trends in defense-oriented material technologies. While
prior studies have contributed significantly to the field, they often lack the material
specificity required to translate foresight into targeted action. This thesis addresses that
shortcoming by applying a structured foresight approach to honeycomb materials,
demonstrating how foresight can be operationalized to support long-term planning and

policy development in aerospace materials, particularly within the context of Tiirkiye.
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CHAPTER 3

THEORETICAL BACKGROUND AND METHODOLOGY

This chapter outlines the mixed-methods approach adopted in this thesis, integrating
both quantitative and qualitative research techniques. It first introduces the foresight
methods utilized in this research, establishing a conceptual basis. The chapter then
details the quantitative techniques employed in the research, including patent analysis
and the information related to the multi-criteria decision-making (MCDM) methods.
This is followed by a description of the qualitative techniques used, focusing on the
use of focus groups and the Reflexive Thematic Analysis (RTA) applied in the
backcasting phase. Lastly, the chapter presents the overall research design in a
comprehensive manner, explaining each step of the research process in detail,
including the focus groups, implementation of AHP, scoring mechanism, and the

evaluation criteria.

3.1. Foresight Methods

In this thesis, the Futures Wheel method is selected as an exploratory foresight tool to
investigate possible future developments related to honeycomb materials. In addition,
Backcasting is employed as a normative foresight approach to identify the necessary
steps required to achieve the prioritized future scenario. In this section, both tools are
explained in further detail. It is worth highlighting that these foresight methods are not
only theoretical frameworks but also actively employed in real-world strategic
planning and policy-making. Both the Futures Wheel and Backcasting have been
integrated into the official foresight toolkits of several national governments and
international organizations. For instance, the governments of the United Kingdom and

Australia use these methods to develop scenarios,
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anticipate systemic risks, and guide strategic policy decisions (Government Office for

Science (UK), 2024; Will Hartigan & Arthur Horobin, 2024).

In order to ensure clarity and consistency throughout the thesis, this study adopts a
structured time-horizon framework consisting of three categories: short-term (05
years), medium-term (5-10 years), and long-term (10+ years). Time horizons in
futures research are known to vary significantly across studies, and there is no
universally accepted standard for what constitutes short-, medium-, or long-term. As
Nordlund (2012) emphasizes, futures literature often lacks consistent definitions, and
scholars such as Bertrand de Jouvenel and Slaughter (1996) have used a range of
overlapping terms without strict boundaries. In some of the studies reviewed for this
thesis, time-horizon definitions were intentionally left open in order to allow
participants greater flexibility in imagining the future, avoiding the imposition of fixed
constraints on their foresight thinking (Another Way Consulting, 2015; Bengston et
al., 2020). Despite this variability, defining time scales in accordance with the specific
sector and national context enhances methodological rigor. In the context of this thesis,
which focuses on defense and aerospace technologies in Turkey, short-term is defined
as 0 to 5 years, medium-term as 5 to 10 years, and long-term as beyond 10 years. In
the context of this thesis, which focuses on defense and aerospace technologies in
Turkey, the selected intervals reflect typical product development cycles and strategic
planning practices, where projections beyond 20 years often lose practical relevance.
Therefore, the time-horizon definitions adopted here are not only methodologically
grounded but also tailored to the operational realities of defense and aerospace

industry.

3.1.1. Futures Wheel

One of the key exploratory methods used in foresight is the Futures Wheel, developed
by Jerome C. Glenn in 1971, a structured brainstorming tool used to explore and map
out the potential direct and indirect consequences of a particular change or event. It
involves creating a visual representation, often in the form of a wheel, where the
central hub represents the initial change or event, and the first-order consequences
extend outward from it, branching further to show second-order and subsequent

impacts (Glenn, 2009).
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As noted by Slaughter (1996), the Futures Wheel has been widely utilized in futures
studies as an effective tool for scenario construction. Building on this, Cepni, (2019)
defines a scenario not only as a depiction of a possible future state, but also as the path
leading to that future. In this context, while the original structure of the Futures Wheel
does not explicitly define the branching sequence of impacts as a “path,” its
methodological logic inherently organizes consequences in a temporally ordered and
causally linked manner. The progression from first-order to second- and third-order
effects illustrates a structured chain of developments, which can be interpreted as a
route from the initiating event to multiple future outcomes. Rather than presenting a
static map of isolated possibilities, the Futures Wheel enables a dynamic visualization
of how change might unfold over time. Thus, it provides a conceptual and visual
foundation for constructing future paths, as it captures the cascading nature of impacts.
Figure 3 presents a visual representation of the Futures Wheel, adapted from Glenn
(2009), enhanced and color-coded based on my interpretation. In this figure, the
branching structure and associated impacts or consequences are color-coded to
distinguish between first-, second-, and third-order effects. Moreover, a sample “path”
is highlighted to illustrate how a single line of causally connected impacts can

represent a scenario path, as discussed above.

A Path

First Order Impacts /
Consequences

Figure 3. Futures Wheel
Adapted from: Glenn, 2009
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Bengston (2016) mentions that The Futures Wheel assists policymakers in predicting
unintended effects of social-ecological changes, allowing for proactive decision-
making. By showing multiple layers of direct and indirect impacts, it enables the
development of strategic responses to complex challenges. The method has been
adopted by various government agencies and international institutions as part of their
strategic foresight practices. For instance, the UK's Health and Safety Executive (HSE)
Foresight Centre used the Futures Wheel during its 2016-2017 planning process to
navigate uncertainties related to the national energy mix employing it to assess
cascading impacts and develop policy options (UK Health and Safety Executive,
2023). International bodies such as the United Nations Global Pulse (UNGP) include
the Futures Wheel in their foresight toolkits, providing guidance on its use for scenario
exploration and strategic reflection (UN Global Pulse, n.d.). Notably, in the defense
and security domain NATO incorporated the Futures Wheel in its 2017 Framework
for Future Alliance Operations (FFAQO) workshop to explore instability scenarios such
as pandemics, infrastructure attacks, and conventional warfare. The method allowed
military and non-military experts to collaboratively analyze the cascading effects of
such events and validate strategic concepts relevant to future operations (NATO,

2017).

While the Futures Wheel has proven to be a valuable tool for informing policy and
strategy, its methodological versatility and flexibility have also enabled the
development of new foresight methods that build upon its foundational structure. By
providing a structured yet adaptable framework for exploring the direct and indirect
consequences of changes, the method can be tailored to address diverse challenges and
questions. Whether used in innovation processes, research and development planning,
or software development, the Futures Wheel serves as a dynamic tool for visualizing
and assessing future possibilities. Its capacity to map out not only immediate impacts
but also secondary and tertiary effects allow it to integrate seamlessly with other
methodologies, such as goal modeling or foresight approaches. This adaptability has
led to the evolution of various methods derived from the Futures Wheel, each designed

to meet the specific needs of different fields.

The Futures Ripples method, for example, adapts the Futures Wheel to enhance the

pace and anticipatory capacity of innovation teams within their invention processes
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(Epp et al., 2022). At its core, this method uses the Futures Wheel to help envision
potential future scenarios and guide the development of products or designs. The
process is metaphorically described as throwing a pebble into water. It begins by
identifying signals of change, which can be seen as scanning the shore, followed by
selecting a "what if" scenario, symbolized by the pebble. Then, the ripple effect of this
action spreads outward, representing how even small actions can lead to broad
consequences. This metaphor illustrates how small changes made today can lead to
significant impacts in the future, which is why the method is referred to as "Futures
Ripples". The method employs a similar principle to the Futures Wheel, where the
"pebble" dropped into the metaphorical sea creates "ripples" of consequences that
spread outward, with each successive ring representing further-order effects. To
develop and refine the Futures Ripples method, they held a total of four workshops,
utilizing online platforms. Epp et al. (2022) introduced this methodology and applied

it to explore various potential futures for wearables and smart materials.

The Implications Wheel takes this approach a step further by providing a more in-
depth exploration of the consequences that arise from a central issue. Developed by
Joel Barker, the Implications Wheel is a meticulously structured brainstorming tool
that enables a thorough examination of the potential ramifications of changes across
different contexts. Participants can assign numerical ratings to assess likelihood
(ranging from 1 to 9) and desirability (ranging from -5 to +5). The software then
calculates these values to provide a comprehensive analysis (Another Way Consulting,
2015). While the software is used in professional foresight settings, the available
public sources, such as promotional materials or online demonstrations, provide
limited technical detail on how the numerical assessments are operationalized or
integrated into the broader analytical process. Instead, the emphasis is primarily placed
on offering a visual representation of the method and its resulting outcomes. While
both Futures Wheel and Implications wheel tools rely on structured brainstorming to
uncover various layers of impact, the Implications Wheel places a stronger focus on

analyzing the nuances and specificities of the issue at hand (Farrington et al., 2013).

The Industrial Research Institute (IRI), an organization focused on advancing
innovation and R&D management, launched the IR12038 project in 2015 as a long-

range foresight initiative aimed at exploring the future of research and development
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through the year 2038. As part of this project, it used the Implications Wheel in 2013
to help generate, evaluate, and visualize potential scenarios and their cascading effects

on innovation and technology management (Industrial Research Institute, Inc., 2014).

Finally, Pimentel et al. (2011) integrate the Futures Wheel method with the i* goal
model in a two-step approach to better foresee and address future changes during the
requirements definition phase of software development. The i* goal model is a widely
adopted goal-oriented requirements engineering framework that structures system
requirements into goals, soft goals, tasks, and resources, and visualizes intentional
relationships among system actors. In the first step, the Futures Wheel is employed to
identify and visually map the potential consequences of an anticipated event or trend,
expanding from direct impacts to secondary and tertiary effects. Each consequence is
analyzed to determine its direct impact on the system. In the second step, these
identified impacts are translated into concrete adjustments within the i* goal model by
adding, modifying, or removing relevant elements such as goals, tasks, soft goals, or
resources. This ensures that the system’s evolving requirements are aligned with both

present conditions and plausible future scenarios.

Given the flexibility and layered analytical capacity of the Futures Wheel method, 1
considered it particularly appropriate for addressing the first research question of this
thesis: “What is the prioritized' future of honeycomb materials technologies in the
defense and aerospace industries?” I found that the method’s structured yet exploratory
framework allowed me to systematically identify both the direct and indirect
consequences of specific technological developments, which was essential for
capturing the cascading effects of advancements in honeycomb materials. The Futures
Wheel enabled me to construct interconnected scenario paths and better understand
how these technological shifts might unfold over time across multiple dimensions.
Since my aim was not only envision possible futures but to evaluate and prioritize
among them, the method offered a robust conceptual and visual foundation (Another
Way Consulting, 2015; Epp et al., 2022; Farrington et al., 2013; Industrial Research
Institute, Inc., 2014; Pimentel et al., 2011). I strengthened this foundation by

! This term is explained further in this paragraph.
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integrating the Futures Wheel with the Analytic Hierarchy Process (AHP), which
allowed me to convert qualitative foresight outputs into a ranked set of future
scenarios. While all alternative futures generated through the foresight process are
inherently valuable for understanding the breadth of possibilities, establishing a
priority among them is essential for strategic planning and effective decision-making
(Vecchiato et al., 2020). This combination allowed me for a structured prioritization
process to deliver actionable insights. Therefore, I found the Futures Wheel to be well-
aligned with the exploratory goals of the study and particularly useful for deriving a
strategically prioritized future that could effectively inform the subsequent

backcasting phase and the development of policy recommendations.

3.1.2. Backcasting

Backcasting is a normative scenario method aimed at aiding policymakers in
navigating the ambiguities linked to long-term future projections (Wilson et al., 2006).
It focuses on defining a desired future state and determining the steps and actions
required over time to achieve that vision (Bengston et al., 2020). The term was
formally introduced by John B. Robinson in 1982, who employed it as a means to
shape energy policy through the structured exploration of pathways leading to
desirable outcomes (Robinson, 1982). Since then, it has become a foundational
approach within strategic planning and futures studies, particularly in addressing
sustainability and technology-driven transitions. Backcasting is particularly well-
suited for addressing long-term, multifaceted challenges that span various societal
dimensions and require technological innovation and systemic change (Dreborg,
1996). By starting from a future vision rather than current conditions, it provides a
sense of cognitive liberation, enabling stakeholders to think beyond the constraints of

existing customers, products, or capabilities (Thorén & Vendel, 2019).

Backcasting is a future-oriented planning method that starts with a vision of a desirable
future and then works backwards to identify the necessary steps to reach that future.
Unlike forecasting, which begins with the present and extrapolates forward based on
trends, backcasting asks: “If we want to achieve this future, what needs to happen

between now and then?” (Quist, 2003). This method is especially useful when current
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trends are unlikely to lead to sustainable or strategic outcomes on their own, and when

proactive planning is required to drive transformational change(Wilson et al., 2000).

While “backcasting” remains the dominant term in futures research, the conceptual
approach has been adapted and renamed in various contexts to suit different
disciplinary or practical needs. For instance, Rohrbeck (2011) uses the term “scenario-
based retropolation” to describe the process of using future scenarios to inform
present-day decisions. Similarly, the term “premortem” often seen in project planning
contexts, emphasizes the practice of looking back from a desired future outcome to
identify the key success factors and motivational elements that can guide present
actions (Klein, 2008). This terminological variety illustrates the adaptability of the

method across different domains, from corporate strategy to public policy.

As the method gained wider adoption across disciplines and planning contexts, efforts
were made to operationalize backcasting through more structured tools that could
translate normative visions into practical strategies. One such tool is the Backcasting
Wheel, introduced as a way to systematically organize actions, actors, and resources
around a central future goal within futures studies (Bengston et al., 2020). Inspired by
the logic of the Futures Wheel, this method shifts the focus from extrapolating future
impacts of current trends to identifying the essential components required to realize a
normative vision. The Backcasting Wheel incorporates several key dimensions,
including critical success factors, signposts, opportunities and obstacles, and concrete
management actions. These elements are organized around a central future goal,
allowing stakeholders to map not only what must be done but also how progress can
be monitored and what challenges or enabling conditions may arise. A case study of
the U.S. Forest Service’s organizational planning was used to demonstrate the practical
application of the method, showing how it can facilitate participatory decision-making
and guide the development of actionable, long-term strategies in the context of
institutional and environmental policy planning (Bengston et al., 2020)

Beyond conceptual development, numerous case studies have demonstrated the
practical value of backcasting across diverse domains, particularly in sustainability
and urban planning. For example, Kok et al. (2011) employed backcasting to transform

stakeholder-derived visions of sustainable water management into detailed and
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actionable policy roadmaps. The method not only enabled the identification of robust
strategies applicable across multiple futures but also enhanced stakeholder
engagement and policy relevance. Similarly, Olson et al. (2021) used a participatory
backcasting approach to design a roadmap for reducing consumption-based emissions
in Hammarby Sjostad, a sustainable urban district in Stockholm, by 2030. In addition
to academic and applied settings, the method has gained traction among major policy
institutions. For example, the European Commission, through its Joint Research
Centre’s  Institute for Environment and Sustainability (2008), has endorsed
backcasting as a valid approach for forward-looking policy development. In their work
on sustainable mobility, the method was applied to construct long-term strategies that
incorporate stakeholder input, define specific actions, and develop coherent pathways

toward ambitious sustainability goals in the transport sector.

In selecting the appropriate foresight method to address my second research question:
"What policies are needed to enable the realization of the prioritized future?”, I chose
Backcasting due to its unique suitability for translating normative future visions into
actionable strategies. Given that the prioritized future of honeycomb materials will be
previously identified through the Futures Wheel and AHP prioritization, Backcasting
will provide a structured way to explore how that future can be operationalized through
coordinated actions, I find this method particularly valuable for engaging stakeholders
in long-term thinking, beginning with the establishment of a strong shared future path

and then working backward to align short-term policies with broader strategic goals.

3.2. Quantitative Methods

3.2.1. Patent Analysis

Patent analysis involves examining patent documents related to specific area by
applying data analysis techniques, including statistical and machine learning methods
(Park & Jun, 2022). Patent documents, which are legal records of inventions, contain
detailed descriptions of novel ideas, processes, and technologies. These documents
serve as a rich source of data for various sectors to assess technological advancements
and identify future developments. Patent analysis provides valuable insights for

evaluating technological advancements, monitoring emerging trends, managing the
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R&D process, and developing technological strategies (Chang et al., 2010, p. 201). It
provides valuable insights into the direction of technological change and helps
anticipate future developments. Patent analytics can identify business markets and
trends, assisting companies in anticipating technological shifts and market changes.
This process includes mapping, categorization, and the use of taxonomies to interpret
market directions (Questel & Chevalier, 2020). By analyzing patent topical
information, potential technology pathways and opportunities can be uncovered (Ma
& Porter, 2015) which makes patent analysis an ideal method for investigating material

technologies that could drive critical transformation.

Patent analysis can be considered a valid foresight tool, as it is employed in strategic
long-term planning. Foresight methods aim to predict future technological landscapes,
and patent analysis is particularly effective in this regard, as patents typically have a
lifespan of 20 years. This long-term data allows for the identification of trends and
innovations that may shape future industries (Hsieh, 2013). As Popper (2008)
classifies patent analysis as a foresight method, it serves as an effective tool for
predicting long-term technological change and for developing strategies based on
these insights. In support of this view, Daim et al. (2006) demonstrate how patent
analysis can serve as a proxy for technological innovation and development, revealing
underlying patterns, competitive positioning, and likely future trajectories of

technological evolution.

Patent analysis is highlighted as a valuable strategic foresight tool by Salvador et al.,
(2015), who emphasize its role in informing decision-makers about patent activity,
technological advancements, and key industry players. Their research specifically
applies patent analysis to the field of additive manufacturing, demonstrating how
patent data helps identify technological trends and supports strategic decision.
Similarly, another study focuses on the utilization of patent information to develop
bioethanol technology from sorghum plants, showcasing how foresight tools predict

advancements in this sector (Hendrix & Nasution, 2023).

In the context of defense technologies, patent analysis has also found practical

applications in tracking technological developments. For instance, Altuntas & Dereli
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(2016) employ this method within the domain of Ammunition and Blasting
Technologies. Their research aims to guide investors, policymakers, and other
stakeholders in navigating complex defense innovation landscapes. By uncovering
technological developments through patent trends, their study highlights the potential
of patent analysis to support long-term capability planning in critical sectors of

national security.

3.2.2. Multi-Criteria Decision Making (MCDM)

Multi-Criteria Decision Making (MCDM) also referred to as Multi-Criteria Decision
Analysis (MCDA), encompasses a comprehensive set of methodologies aimed at
facilitating complex decision-making processes that involve multiple, and often
conflicting, evaluation criteria. The formal academic development of Multi-Criteria
Decision Making (MCDM) is relatively recent; however, the underlying notion of
considering multiple factors in decision-making has much earlier roots. Koksalan et
al. (2011) trace one of the earliest known decision-making procedures involving
multiple considerations to Benjamin Franklin (1706—1790), who described a paper-
based system for weighting arguments for and against a decision. Though rudimentary
and lacking formal weighting, Franklin’s method demonstrated early awareness of

balancing conflicting arguments—an idea at the heart of modern MCDM.

Building on these early intuitions and mathematical formalizations, significant
theoretical advancements were made in the 1970s and 1980s by scholars such as Zionts
and Wallenius. While the contemporary literature commonly refers to this field as
Multi-Criteria Decision Making (MCDM), Zionts & Wallenius (1976) originally
framed the challenge as the “multiple criteria problem,” emphasizing the inherent
difficulty of making trade-offs among conflicting objectives. They define it as a class
of problems in which decision-makers must evaluate alternatives across several
incommensurable criteria, often under uncertainty, and highlight the value of
interactive and iterative preference articulation. In addition to these theoretical
contributions, Zionts also played a notable role in shaping the terminology of the field
by the abbreviation “MCDM” through a 1979 paper that clarified its meaning and

emphasized its practical relevance in managerial decision-making (Zionts, 1979).
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These methods enable decision-makers to systematically analyze and prioritize a set
of alternatives by making the trade-offs between criteria explicit, thereby supporting
rational decision outcomes (Velasquez & Hester, 2013). MCDM frameworks provide
structured mechanisms for comparing alternatives and clarifying priorities in complex
decision environments (Belton & Stewart, 2002). Importantly, MCDM draws upon a
range of interdisciplinary fields, including mathematics, decision science,
management, economics, psychology, and social science, making it a highly versatile

and multidisciplinary approach to decision support (Ishizaka & Nemery, 2013).

While Multi-Criteria Decision-Making (MCDM) methods vary in mathematical
formulation and procedural detail, they generally follow a structured, step-by-step
process that guides the systematic evaluation and selection of the most appropriate
alternative(s) among a set of options. This common structure allows decision-makers
to decompose complex problems into manageable parts and to make judgments in a
rational and transparent manner (Belton & Stewart, 2002; Epp et al., 2022; A. Salo et
al., 2003; Zhu et al., 2021). The common steps identified across these three studies are

outlined below.

It begins with problem structuring and the definition of key elements, which involves
clearly identifying the decision goal, the criteria used to assess alternatives, and the
alternatives themselves. The goal represents the desired outcome, while criteria are the
dimensions either quantitative (such as cost or efficiency) or qualitative (such as
environmental impact or stakeholder acceptance) used to evaluate the alternatives.
Alternatives refer to the potential options or pathways from which a decision-maker
must choose. Following this, the elements are arranged in a hierarchical decision
model, with the goal at the top, followed by criteria and sub-criteria, and the
alternatives at the bottom. This structure simplifies complexity and enhances
transparency. At this stage, appropriate measurement scales are also defined to ensure
consistency in how alternatives are evaluated against each criterion. The next step is
weight assignment where each criterion is assigned a relative importance weight. A
variety of techniques can be employed to derive these weights, including direct rating,

entropy-based methods, and pairwise comparison techniques (Zhu et al., 2021). Once
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weights are determined, the alternative evaluation phase involves assessing each
option against the criteria, using empirical data, expert judgment, or both. Finally, in
the aggregation and synthesis step, the individual performance scores and criterion
weights are mathematically combined to compute an overall value for each alternative.
This results in a ranked ordering that supports transparent and evidence-based

decision-making (Figueira et al., 2005).

Multi-Criteria Decision-Making (MCDM) methods have also found significant
application within foresight practices, particularly in addressing complex, uncertain,
and multi-dimensional strategic problems. Popper (2008) identifies MCDM as a core
component of semi-quantitative foresight methodologies, referring to it as multi-
criteria analysis used to structure and assess expert-based judgments. Similarly, Salo
et al. (2003) emphasize the value of MCDM in priority-setting within technology
foresight, where it helps manage the inherent complexity of research and technology
development (RTD) strategies. They highlight methods such as SMART, AHP,
PRIME, and DEA as particularly suitable, noting their ability to incorporate diverse
stakeholder perspectives, multiple evaluation criteria, and uncertainty. Further
illustrating this integration, Mohaghar et al. (2013) apply a combination of the Fuzzy
Prioritization Method (FPM) and the Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS) to support strategic decision-making under conditions of
incomplete information. In this way, MCDM contributes to foresight by providing a
structured, transparent, and evidence-based framework for evaluating future-oriented

decisions.

While a wide range of MCDM approaches exist, the methods highlighted in foresight
literature such as SMART, AHP, PRIME, DEA, FPM, and TOPSIS stand out due to
their ability to address uncertainty, accommodate diverse criteria, and support
transparent strategic evaluation. Table 4 provides a comparative overview of these
selected methods, summarizing their key features, strengths, and limitations, as well
as citing foundational references for each. This overview aims to offer practical insight
into the suitability and application of MCDM techniques within foresight-oriented

decision-making processes.

Table 4. Overview of Selected MCDM Methods in Foresight Applications
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Brief Weighting s Key
Method Description Mechanism Strengths Limitations Reference
A linear Sensitive to
(SSI,\i/ln?llzeTMul i method Easy to use, subjective (Edwards,
Attri‘gute decision- Yes (direct intuitive, judgments may | W., 1971; A.
Ratin makers assign | weighting) Simple and oversimplify Salo et al.,
Techt%i ue) weights and transparent complex 2003)
4 scores directly. problems.
Uses pairwise Handles both
AHP comparisons qualltgtlye and | Can be t.1m6- (Saaty, 1980;
. and .. | quantitative consuming,
(Analytic . . Yes (pairwise . Saaty &
. hierarchical . data, strong consistency
Hierarchy . comparisons) . . . Vargas,
Process) structuring to consistency issues in large 2012)
derive priority checks, Easy to | hierarchies.
scales. understand
Aims to elicit
PRIME incomplete and Accommodates | May require (A. A. Salo
(Preference imprecise Yes (indirect, | incomplete and | sophisticated & T
Ratios in preference interval- imprecise interpretation; Hamalainen
Multiattribute | information for | based) preferences; less commonly 1997) ’
Evaluation) decision flexible. applied.
support.
Non-
parametric Not suitable
method to No explicit Objective, when data
gfvlzlgDi:n . |assess the weights; data-driven, quality is poor; | (Charnes et
Anal s?s) relative derived from | useful for assumes all al., 1978)
y efficiency of data. benchmarking. |inputs/outputs
decision- are known.
making units.
Incorporates Manages
fuzzy logic to uncertainty .
FPM ('Fuz'zy handle Yes (fuzzy effectively; Interpretation of (Mohaghar
Prioritization . . . fuzzy numbers
uncertainty and | weights) useful in etal., 2013)
Method) . . can be complex.
vagueness in strategic
prioritization. foresight.
TOPSIS fl{letl:rl:lsatives
(Technique for based on their . Simple to Sensitive to N
Order . Yes (weights | compute; clear S (Figueira et
geometric . . normalization
Preference by | 5. required) ranking of S al., 2005)
o distance to . and weighting.
Similarity to | . . alternatives.
Ideal Solution) ideal/baseline
solutions.

Table 4. (continued)
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An extension

of linear

programming

that allows Handles

decision- multiple Requires clear

makers to set . goalsp go;ll (Charnes et
Goal target values Yes (.we?1ghts flexibly:; definitions; al, 1955;
Programming | for multiple or priority useful }f](;r assumes linear Charnes &

ranking) ) . Cooper,
goals and find real-world relationships. 1957)
solutions that trade-offs.

minimize how
far the results
are from these
targets.

Source : Author

In this thesis, MCDM methods are employed not for evaluating or ranking a set of

alternatives, but rather for the purpose of determining the relative importance of a

predefined set of criteria. The primary objective of using MCDM is to assign weights

to three main criteria relevant to this technological and policy context. Thus, among

the components of MCDM approaches, only the weighting mechanism is required,

while the alternative evaluation phase is not part of this study. Given this focus, and

considering the range of available MCDM techniques, AHP emerges as the most

appropriate choice because of the following reasons:

It structures expert judgment into a systematic, transparent, and consistent
weighting scheme, enabling clear prioritization of decision criteria.

It employs pairwise comparisons, allowing experts to express their preferences
in a more intuitive and comparative manner rather than assigning direct
numerical weights.

It includes a Consistency Ratio (CR), which helps assess the logical coherence
of expert judgments and ensures methodological validity.

It balances mathematical rigor with ease of use, making it suitable for
interdisciplinary research involving both technical experts and policy
stakeholders.

It does not require large datasets or complex mathematical modeling, making
it particularly useful in foresight and policy contexts where qualitative input

dominates.
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e It also has the step for directly on criteria weighting, which aligns precisely
with the methodological needs of this thesis, as no alternative evaluation is

required.

These features make AHP the most fitting and robust method for the objectives and

scope of this thesis.

3.2.2.1. AHP

The Analytic Hierarchy Process (AHP), developed by Thomas L. Saaty (1980), is a
widely adopted multi-criteria decision-making (MCDM) method that provides a
systematic and rigorous framework for organizing and analyzing complex decisions
(Saaty, 1980). It is particularly suitable for problems that involve both quantitative and
qualitative factors and require structured expert input (Saaty & Vargas, 2012).

AHP functions on the principle of “divide and conquer,” whereby complex problems
are decomposed into smaller, more manageable sub-problems (Ishizaka & Nemery,
2013). AHP has proven to be a reliable and widely applicable decision-making
method, as evidenced by its use in diverse fields such as student admissions, military
personnel promotions, hiring decisions, and various military and political contexts

(Saaty, 2008) .

The AHP method follows a structured and hierarchical procedure for determining
priorities among elements. Although this thesis focuses solely on the weighting of
criteria, it is important to present the full framework of AHP to demonstrate its
methodological rigor. Below, the process is outlined in sequential steps (Saaty, 1980,
2008; Saaty & Vargas, 2012):

1. Problem Definition and Hierarchy Construction
The decision problem is first structured as a hierarchy. At the top is the overall
goal of the decision. The second level consists of the evaluation criteria. If the
aim is to rank alternatives, these would be placed at the third level. Let n denote

the number of criteria.
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2. Pairwise

Experts are asked to compare the criteria in pairs, using Saaty’s fundamental
1-9 scale, as shown in Table 5 below, to express the relative importance of one

criterion over another. This generates a pairwise comparison matrix 4, where

element aj

criterion j. The matrix is reciprocal, meaning ajj =1/ aji. For example, if an expert
believes that Criterion A is strongly more important than Criterion B, then
aap=>5 and correspondingly aga=1/5. Additionally, each diagonal element of

the pairwise comparison matrix is always equal to 1(ai=1), because any

Comparison

Matrix

reflects how much more important criterion i is compared to

criterion is considered equally important when compared with itself.

Table 5. The Fundamental Scale for AHP Pairwise Comparisons

Intengiy of Definition Explanation
Importance
. Two activities contribute
1 Equal importance _
equally to the objective
2 Weak
Experience and judgment
3 Moderate importance slightly favor one activity
over another
4 Moderate plus
Experience and judgment
5 Strong importance strongly favor one activity
over another
6 Strong plus
An activity is favored very
7 Very strong or strongly over another; its
demonstrated importance | dominance demonstrated
in practice
8 Very, very strong
The evidence favoring one
. activity over another is of
? Extreme importance the highest possible order
of affirmation

3. Normalization

Each element in the matrix is divided by the sum of its column, producing a

normalized matrix. This step ensures that each column sums to 1, allowing for

Source: Saaty & Vargas (2012)

of the
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meaningful comparison across criteria. The normalization of the pairwise
comparison matrix is performed by dividing each element by the sum of its

respective column, as shown in the following formula:

a;}ormalized — naij (1)
i=1 4ij
Where 7 is the number of criteria.
4. Priority Vector Calculation (Weight Assignment):

The priority vector (also called the eigenvector or weight vector) is computed
by taking the average of each row in the normalized matrix. This vector

represents the relative weight of each criterion with respect to the decision goal.
n
w; = l z ag_ormalized (2)
n .
j=1

5. Consistency Check
AHP includes a built-in mechanism to verify the logical consistency of the

pairwise comparisons. The Consistency Index (CI) is calculated as:

n
1 A w);
Amax = — (B w), (3)
né Wi
i=1
Amax —n
(=" “)
n—1

where Amax is the maximum eigenvalue of the comparison matrix and n is the number

of criteria. The Consistency Ratio (CR) is then calculated as:

CI

CR = —
RI

)
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where RI is the Random Consistency Index which varies depending on n as presented
in Table 6 below. A CR value of less than 0.10 is generally considered acceptable. If

the CR is too high, the comparisons should be reviewed and revised.

Table 6. Average Random Consistency Index (RI) Based on Matrix Order(Criteria
number) (n)

n 1 2 3 4 5 6
Random
Consistency 0,00 0,00 0,52 0,89 1,11 1,25
Index (RI)

Source: Saaty & Vargas (2012)

6. Evaluation of Alternatives:
If the study involved alternatives, each alternative would be evaluated against
each criterion, using the same pairwise comparison process. For each criterion,
a local priority vector for the alternatives would be computed.

7. Aggregation of Local Priorities:
The final step in a full AHP application is to aggregate the local priorities of
alternatives across all criteria using a weighted sum. The global score for each
alternative is calculated as the sum of the product of the criterion weight and
the alternative’s score for that criterion. Alternatives would then be ranked

based on their global scores.

In this study, since no alternatives are assessed, the procedure ends at the point of
criteria weight assignment. Nevertheless, the consistency check is conducted at this
stage as well, given its significance in ensuring the reliability of expert judgments. The
resulting weight vector provides a prioritized structure that reflects expert judgment
and serves as a critical input for subsequent foresight analysis and policy development.
In group decision-making using the AHP, it is important to determine how individual
expert evaluations can be combined into a shared group judgment and how these

evaluations contribute to a final collective decision. According to Saaty (2008), the
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most appropriate method for combining individual expert assessments is the geometric
mean, as opposed to the commonly used arithmetic mean, as it ensures consistency in
how relative importance is represented across experts. When each expert provides their
own assessment independently, their resulting weight vectors, which reflect the
relative importance of criteria, can be combined using the geometric mean to create a

representative group perspective.

In this study, each expert’s judgment was treated with equal weighting in the
aggregation process, meaning that no differentiation was made based on background
or institutional affiliation. Therefore, individual weight vectors were first calculated
from each expert’s input, and then the geometric mean of these vectors was taken to
produce a single group weight vector. The geometric mean for each criterion w; was

calculated as follows:

(6)

where w;¥ denotes the weight assigned to criterion i by expert k, and m is the number
of experts. Finally, the resulting values were normalized to ensure that the total
importance across all criteria adds up to one, using the following normalization

formula as n is the number of criteria:

. wW;
normalized _ L

w = 7
l j=1Wj 2

Finally, the results were normalized to ensure that the total importance across all
criteria adds up to one. 2

3.3. Qualitative Methods

2 For a summary of the mathematical notations and symbols used throughout the AHP process, please
refer to Appendix A of this thesis.
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In this study, the qualitative component of the mixed-methods design is centered on
focus group sessions, which were employed to gain in-depth insights into participants’
opinions and policy recommendations regarding the future of honeycomb materials in
defense and aerospace sectors. Historically, the academic foundations of focus groups
originate from Merton et al., (1956) whose work institutionalized the “focused
interview” as a systematic tool for studying group-based opinion formation. Patton,
(2010) highlights how focus group interviews enable researchers to access social
dynamics and patterns of interaction, yielding rich qualitative data when guided by a
skilled moderator. The value of interaction in this setting lies in the emergence of
shared or contested meanings, shaped by participants responding to one another rather

than simply to the interviewer.

As Creswell (2022) suggests, qualitative research is particularly appropriate when the
research questions begin with "what" or "how," when the aim is to understand
individuals within their real-world contexts, and when the focus is on gaining a holistic
understanding. Given the exploratory nature of this study, the qualitative approach was

well-suited to capture the complexity and depth of stakeholder perspectives.

I selected focus groups because they offered a structured yet flexible format to explore
emerging ideas in a collaborative setting, which was essential for uncovering the
anticipatory thinking and multi-stakeholder perspectives that this study aimed to
investigate. The selection of focus groups as the primary qualitative tool is supported
by their proven ability to generate collective insights, foster dialogue, and surface
diverse perspectives that may not emerge through individual interviews or surveys

(Morgan, 1997).

Focus groups are widely recognized within the field of foresight and science and
technology studies as participatory tools that not only gather information but also raise
awareness and stimulate forward-looking thinking among stakeholders as emphasized
by Grunwald (2009). They are often employed in foresight processes alongside
citizens’ conferences, Delphi studies, or scenario workshops to elicit anticipatory
knowledge and engage multiple actors in shaping technological developments, a role

highlighted by Popper (2008). In this context, the inclusion of diverse stakeholder
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groups is particularly important. It enhances the quality of deliberation, strengthens
anticipatory capacity, and supports more legitimate and inclusive policy outcomes
(Grunwald, 2009; Popper, 2008). Yet, as Bloor et al., (2001) mention participant
imbalances are common in expert-based focus groups, and methodological rigor can

still be maintained through deliberate facilitation techniques.

I analyzed the qualitative data from the second focus group using Reflexive Thematic
Analysis (RTA) (Braun & Clarke, 2019). Thematic analysis is defined as “a method
for identifying, analyzing, and reporting patterns (themes) within data” (Braun &
Clarke, 2006, p. 79) RTA extends this by emphasizing the interpretative and active
role of the researcher in constructing meaning from data, rather than treating themes
as objectively emerging from the material. This view aligns with McCracken's(1988)
conceptualization of the “self-as-instrument,” where the researcher draws on their own
cognitive and experiential repertoire to detect meaningful patterns. In line with this
perspective, the research process acknowledged the influence of the researcher's
positionality, assumptions, and reflexivity, which were managed through techniques
such as memoing and critical self-awareness (Finlay, 2002). Moreover, Corbin &
Strauss (1996) emphasize that qualitative analysis involves deliberate mental
movement between concrete data and abstract concepts, using analytic strategies to

help the researcher think systematically and identify deeper relational patterns.

This study’s approach aligns with Braun & Clarke's (2019) framework for RTA, which
underscores that theme development is a dynamic and iterative process shaped by the
researcher’s engagement with the data. The analysis followed a six-phase process
commonly used in thematic analysis: data familiarization, initial coding, theme
identification, theme review, definition and naming of themes, and final reporting
(Kiger & Varpio, 2020). However, reflecting the interpretative and reflexive nature of
RTA, this process was not linear but cyclical, allowing ongoing refinement through

multiple iterations (Braun & Clarke, 2019).

This study was conducted in accordance with ethical standards and received approval

from the METU Human Subjects Ethics Committee (HSEC) on May 12, 2025, under
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protocol number 0211-ODTUIAEK-2025. Please refer to for the official ethics

approval letter.

3.4. Research Design

In alignment with the research questions, I adopted a mixed-method approach
incorporating both quantitative and qualitative techniques in a sequential manner. I
chose this approach allows me to quantify qualitative insights, enrich numerical data
with contextual understanding, address research questions from multiple perspectives
that may be overlooked by single-method approaches, and enhance both the credibility
and applicability of the findings (Creswell, 2022). I intentionally structured
methodological progression to reflect the dual nature of foresight: exploring possible
futures (exploratory) and identifying policy recommendations to achieve a desired
outcome (normative). By combining exploratory methods and normative methods I
aim to produce actionable intelligence for policy-making (Popper, 2008). In this
context, actionable intelligence refers to policy-relevant insights that are grounded in
expert judgment, structured foresight outputs, and prioritized future scenarios, offering
concrete guidance for decision-makers. This decision was driven by the complexity
and future-oriented nature of the research aim which requires both the identification

of emerging technological developments and the formulation of policy.

To ensure methodological coherence and alignment with the research questions, I
designed each phase of the study to contribute to the overall aim. As illustrated in
Figure 4, the research design links each phase to the corresponding research question
and methodological approach. The first research question, which explores the
prioritized future of honeycomb materials technologies in the defense and aerospace
industries, was addressed through a sequence of steps that I designed, including patent
analysis to validate the relevance of the case, the application of the Futures Wheel
method to generate possible future developments, and the use of the Analytic
Hierarchy Process to weight the criteria and systematically prioritize these futures

based on predefined criteria and weighted sum.

54



Futures Wheel Focus Group

Aim: Identify and prioritize alternative future pathways for honeycomb material
technologies in the defense and aerospace sectors.

Research Method: A focus group based on the Futures Wheel method, structured
across short-, mid-, and long-term layers, with foresight statements tagged by
evaluation criteria and prioritized through a custom-designed web interface.
Data Type: Mixed (QL—QN)

Analysis Method:

Qualitative (QL): Consolidation of foresight statements into coherent paths.
Quantitative (QN): Application of the Analytic Hierarchy Process (AHP) using
pairwise comparisons (CR<0.10, geometric mean); calculation of weighted node
scores with temporal weights (short-term: 0.2, mid-term: 0.3, long-term: 0.5),
resulting in the final ranking.

Step 3:
Step 1:
Desi m:p - Muli- Step 2: Futures Wheel Focus
Crite?ia E?faluation ey FUtUrES Wheel Scoring and s Group
Path Evaluation Framework (Implementation
Framework Phase)

Backcasting Focus Group

Aim: Translate the prioritized pathway into sequenced, actor-specific policy actions to
guide implementation.

Research Method: Focus group applying the Backcasting method, supported by
actor-horizon mapping on Miro.

Data Type: Qualitative (QL)

Analysis Method:
Qualitative (QL): Reflexive Thematic Analysis (RTA) conducted in MAXQDA, using
inductive coding to generate and synthesize overarching themes.

Figure 4. Research Design and Methodological Flow

Source: Author

These steps enabled me to establish a foundation for identifying the most strategic and
relevant future path. The second research question, which focuses on the policy
suggestions required to realize this prioritized future, was explored through using the
Backcasting method. Building on the outcome of the previous phase, this approach
allowed me to identify of necessary actions and policy suggestions by working
backwards from the desired future state. The integration of these methods helped me
create a coherent and structured process from technological foresight to concrete
policy recommendations, ensuring that both exploratory and goal-oriented dimensions

of the research were addressed.
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3.4.1. Patent Analysis for Case Validation

I conducted a patent analysis to test for the strategic importance and future relevance
of honeycomb materials technology within the defense and aerospace sectors. While
the literature review highlights the significance of this technology, I included this step
as an additional empirical check to ensure that the selected case reflects a technology
that remains active and influential in current and emerging landscapes. The patent
analysis was therefore not conducted as an independent core component of the
research, but as a supportive input to validate the case selection before applying

foresight methodologies.

For this purpose, I utilized the Espacenet database provided by the European Patent
Office, and the PatSeer platform, which enables advanced patent analytics and
visualizations. I focused specifically on the B64 classification from the International
Patent Classification (IPC) system, which encompasses technologies related to
“Aircraft; Aviation, Cosmonautics.” This classification offers a comprehensive
overview of innovation in aerospace systems, making it highly relevant to the research
scope. To capture recent technological developments, I limited the search to granted
patents published within the last ten years. Additionally, I examined the intersection
between the B64 class and selected materials technology subclasses, to identify patents

related to advanced materials applicable to aerospace contexts.

As shown in Figure 5 the IPC subclass B32B3/12 which refers to layered products
made up of regularly arranged cells (such as honeycomb structures) stands out with
325 patent families. Although it appears as the second most active subclass in terms
of total patents, it is particularly relevant to this study because it reflects a structural,
technology-oriented classification rather than a general functional one, like adhesives.
In fact, B32B3/12 includes the highest number of patents related to honeycomb forms,
with approximately 57% of the entries in this class specifically addressing honeycomb
materials technology. Other classes (such as those covering adhesives or generic
composites) were excluded because they are too broad and not specific to honeycomb
structures, which would have weakened the focus of the analysis. By selecting

B32B3/12, the analysis was able to capture the closest technological representation of
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honeycomb materials while maintaining alignment with aerospace applications under

the B64 category.

B32B7/12: Using interposed adhesives or _ 365

interposed materials with bonding properties

B3283/00 Layered prOdUCtS characterised by _ 325

particular features

B32B3/12: Characterised by a layer of regularly- _ 395

arranged cells, e.g. honeycomb structure

833Y80/00 Products made by additive _ 310

manufacturing

B32B9/04: Layer comprising such substance next _ 477

to another layer of a specific substance

B3285/02 Characterised by structural features — 256

of a layer comprising fibres or filaments

B64C1/40: Sound or heat insulation — 253
B32B9/00: Layered products not covered by _ 240

other specific substance groups

B33Y10/00: Processes of additive manufacturing _ 216
B32B3/08: Characterised by added members at _ 108

particular parts

IPC Classification

0 50 100 150 200 250 300 350 400

No. of Families

Figure 5. Top IPC Classifications in Aerospace Materials Patents (Last 10 Years)

Source: Espacenet

To contextualize the relevance of honeycomb materials within broader materials
technology, I analyzed the long-term evolution of patent families in related IPC
classes. A patent family refer to a set of patent applications filed in multiple countries
to protect the same invention, making it a useful indicator of both technological
relevance and international strategic interest.

This analysis aimed to assess whether honeycomb technologies have retained strategic

relevance and momentum over time, beyond being a past technological trend.

As shown in Figure 6 , patenting activity in this domain dates back to the early 1980s,

indicating an early technological interest. However, a significant acceleration in filings
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begins after 2005, suggesting a renewed wave of developments and likely reflecting

increased research investments and demand in aerospace and defense sectors.

The slight decline in patent filings after 2020 is likely due to publication delays rather
than an actual drop in technology development activity, as patent applications typically
undergo an 18-month confidentiality period. This is consistent with patterns observed
in other emerging technologies. Despite this, the overall growth trajectory remains
positive, with the total number of patent families surpassing 12,000 by 2023.

These findings confirm that honeycomb materials represent not only historically
significant technology but also one that continues to evolve and attract development.
This validates their selection for foresight-based policy planning, highlighting its

potential to shape future defense and aerospace sectors.

12K

9K

FE6K

3K

Patent families per year
Patent families cumulative

0 -0
1981 1987 1993 1999 2005 2[}|‘l1 2[}|17 2023
Earliest priority date
Figure 6. Long-Term Patent Trends in Advanced Structural Materials (1981-2023)
Source: Espacenet

3.4.2. Designing a Multi-Criteria Evaluation Framework

Quantitative prioritization of foresight outputs regarding honeycomb materials in the
defense and aerospace sectors requires more than simply identifying possible
technological developments (A. Salo et al., 2003). It necessitates a structured
evaluation framework that can guide consistent and analytically grounded decision-

making. To support this process, I used the Futures Wheel method to generate foresight
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statements, each reflecting potential future development. However, to compare these
statements in a consistent and structured manner and prioritize them within broader

future paths, I established a scoring system.

To enable this, I first developed a multi-criteria evaluation framework. Relying on a
single factor would have oversimplified the process and introduced ambiguity in
participant interpretation because it is an issue widely noted in foresight and decision-
making literature (Hines, 2008; Popper, 2008). Moreover, not all criteria hold the same
importance in participants’ minds (Salo et al., 2003). Recognizing that criteria may not
contribute equally to decision-making, I applied the Analytic Hierarchy Process
(AHP) to calculate their relative weights. In line with this, I structured the AHP
hierarchy by defining the decision goal as determining the relative importance of the
criteria used to evaluate foresight statements related to materials technologies in
defense and aerospace contexts, as discussed earlier in this section and following
similar practices observed in previous foresight studies that integrate AHP for scenario
prioritization (Another Way Consulting, 2015; Epp et al., 2022; A. Salo et al., 2003;
Vecchiato et al., 2020) .

Through a review of major foresight and strategic technology assessment reports,
particularly those from the European Commission (Farinha et al., 2023), NASA Vision
2040 (Liu et al., 2018) , and the Australian Department of Defence (Burnett et al.,
2018), I identified three evaluation criteria that appeared especially relevant for
assessing material technologies within the defense and aerospace context. These are:
impact on the future, operational application areas, and dual-use potential. These
dimensions were emphasized, either explicitly or implicitly, across the reviewed
sources, and I selected them based on their conceptual clarity, strategic relevance, and

alignment with the objectives of this study.

Impact on the future refers to the extent to which a given materials technology
development is likely to transform or strategically influence defense and aerospace
systems over time. It captures a spectrum from incremental developments to

technologies capable of driving radical transformation, reshaping industrial dynamics,
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or serving as foundational enablers of new paradigms. The JRC Science for Policy
Report (Farinha et al., 2023) identifies long-term impact as a key criterion in the
evaluation of future critical technologies rating process. Similarly, the Australian
Department of Defence foresight study (Burnett et al., 2018) prioritizes technologies
that are novel, disruptive, and transformative over the long term, supporting this

criterion’s inclusion.

Operational application areas assess the degree to which materials technology can
perform effectively across multiple environmental and operational settings such as
land, air, sea, or space. Technology that is highly adaptable and ready for integration
into diverse mission environments without significant modification would score
higher, whereas context-dependent or specialized solutions would score lower. This
criterion draws heavily from the NASA Vision 2040 Report (Liu et al., 2018), which
emphasizes cross-domain applicability, scalability, and mission flexibility as core

requirements for next-generation aerospace systems.

Dual-use potential measures the extent to which materials technology developed for
military use can be transferred to civilian contexts, or vice versa. This dimension is
especially relevant in today’s increasingly interconnected innovation ecosystems,
where technologies with cross-sector applicability can enhance both economic and
strategic value. While the JRC report (Farinha et al., 2023) does not always label this
attribute explicitly, it highlights the importance of transferability, reduced dependency,
and spillover effects. In this context, reduced dependency refers to decreasing reliance
on foreign or single-source technologies by strengthening domestic innovation
capacity and enabling local adaptation. Moreover, spillover effects occur when
innovations developed for military use are later adopted in civilian sectors, thereby
contributing to broader technological and economic benefits. Similarly, The NASA
report (Liu et al., 2018) states transferability as structural principles, reinforcing the

importance of considering technologies that serve both defense and civilian sectors.

Together, these three criteria form a comprehensive and policy-relevant framework
for evaluating foresight statements related to materials technologies, offering a balance

between strategic vision, operational feasibility, and innovation diffusion potential.
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3.4.3. Futures Wheel Scoring and Path Evaluation Framework

In this stage of the study, I developed a scoring framework to systematically evaluate
foresight statements generated through the Futures Wheel method. These statements,
each representing a potential development in honeycomb materials technologies, were
assessed by participants during the focus group. The goal of this framework was to
enable the prioritization of future path based on multi-criteria evaluation supported by

both expert judgment and analytic weighting.

To calculate weights, I intent to propose a pairwise comparison to each participant in
the beginning of the focus group session, following the principles of the Analytic
Hierarchy Process (AHP). In this step, I asked participants to compare each criterion
against the others in terms of importance. Using the responses collected through this
exercise, | planned to calculate the relative weights of the three criteria after futures
wheel focus group in analysis phase. These weights served as the basis for a structured
scoring system, grounded in expert judgment and aligned with the strategic objectives

of the defense and aerospace context.

After establishing the criterion weights, | asked each participant to evaluate every
foresight statement generated through the Futures Wheel according to the same three
criteria: impact on the future, operational application areas, and dual-use potential. To
ensure consistency and clarity in evaluation, I designed a custom 5-point rating scale
for each criterion, where every score from 1 to 5 was matched with a clear and context-

specific verbal definition. In Table 7 the criteria and the relevant points are shown.

Table 7. Scoring Scale for Criteria

Impact on the Operational

Future Application Areas Dual-Use Potential

Score
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Materials
technology or its
associated
development will
not create
significant change
compared to

Materials technology
or its associated
development is viable
only in specific
applications and
constrained
environments, such as
low temperatures or

Materials technology or
its associated
development is specific
to defense aerospace and
cannot be used in other
sectors.

f:;ﬁggigogies_ tightly controlled

pressures.
Materials Materials technology
technology or its or its associated Materials technology or
associated development its associated
development may |demonstrates limited |development is usable in
offer minor environmental either defense or civil

improvements but
does not enable
large-scale

robustness, functioning
under some conditions
but failing to adapt to

aerospace but not
applicable to non-
aerospace sectors.

transformation. extremes or variability
Materials Materials technology
hnol i i i .
technology or its or its associated Materials technology or
associated development can . :
. A its associated
development operate in multiple

presents a notable
innovation in a
specific area and
can accelerate

environments (land,
sea, air) with basic
functionality but
requires modifications

development may find
limited application in
non-aerospace civil
sectors.

progress. to adapt.
Materials . .
. Materials technology | Materials technology or
technology or its . . . .
) or its associated its associated
associated

development is
expected to create
strong impact and

development is
suitable for land, air,
and sea platforms and
endures harsh

development is widely
applicable in defense
and civil aerospace, and
in one additional non-

may lead to .

. environments such as | aerospace sector (e.g.,
technological heat,and radiation energy, automotive)
breakthroughs. ’ ) &Y, )

Table 7. (continued)
Materials Materials technology
technology or its or its associated Materials technology or
associated development its associated

development can
radically transform
existing
technologies and be
central to future
innovations.

demonstrates highly
versatile, suitable for
use across different
engineering disciplines
and extreme
operational

development has
significant applicability
across defense, civil
aerospace, and most
non-aerospace sectors.
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environments with
high performance.

Source: Author

These carefully crafted verbal-labeled Likert-type scales helped reduce ambiguity,
supported more consistent judgments across participants, and ensured alignment
between the qualitative intent and the quantitative data collected. The use of verbal-
labeled Likert-type scales is supported in the foresight literature as an effective

technique to facilitate structured expert evaluation (Hines, 2008; A. Salo et al., 2003).

Once all foresight statements were scored individually by participants according to the
three evaluation criteria, I proceeded to calculate the node scores®, defined as the
weighted sum of participant ratings across the three criteria, and subsequently the path
scores, following a structured multi-criteria decision-making logic. My goal in this
phase was to establish a transparent and repeatable method for identifying the most

strategically valuable future path.

3.4.3.1. Node Scoring Formula

Each foresight statement (or "node") received three separate ratings, one for each
evaluation criterion. These ratings were then multiplied by the corresponding AHP-
derived weights. I used a summation format in the node score formula to reflect the
additive contribution of all three criteria: impact on the future, operational
applicability, and dual-use potential. Together, these dimensions define the relevance
of each statement. The final node score was calculated as the weighted sum of these

three components.

3 For definition and calculation of Node Score, see Equation 8 below.
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The formula used was as follows:
Node Score = (P; X W) + (P, X W,) + (P35 X W) ®

Where:
e Py, P2, P3 are the participant's ratings for the three criteria.
e Wi, Wo, W3 are the AHP-derived weights for each criterion.

o The output is a single score for each foresight node.

This approach ensured that each foresight statement’s score reflected not just
participant opinion but also the relative strategic importance of the criteria as defined

earlier in the AHP phase.

3.4.3.2. Temporal Weighting

Since this research is based on a foresight approach, I aimed to emphasize the
significance of long-term outcomes, which are often more transformative yet less
immediately visible. To reflect the increasing strategic value of long-term outcomes, |
also introduced an alternative time-weighted scoring model, assigning differentiated
weights to nodes based on their temporal layer:

e Short-term node x 0.2

e Mid-term node x 0.3

o Long-term node x 0.5
The time-adjusted path score formula became:

Weighted Path Score:

(Node Score; x Time Weight,) 9)

te{short,medium,long}
This time weighted path score represented the final prioritization value for each
scenario path. By applying differentiated weights across temporal layers, the scoring

model allowed me to highlight future pathways that may be less immediate but more
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strategically significant in the long run. All scenario paths were ultimately ranked
based on their total time-weighted scores, and the path with the highest score was
selected as the prioritized future, forming the basis for the subsequent backcasting

phase of the study.

3.4.4. Futures Wheel Focus Group (Implementation Phase)

To collect foresight data for scenario development to see alternative futures related to
honeycomb material technology development, I conducted a structured focus group
session based on the previously developed Futures Wheel framework. The session was
conducted online via Microsoft Teams, lasted approximately 120 minutes, and was
audio recorded for analysis purposes, following participants’ informed consent. I
selected online format because it allowed me to bring together participants from
different institutions without logistical constraints and to present the website
specifically designed for the focus group clearly, while guiding participants step-by-
step through the multi-phase evaluation process using screen-sharing functionalities.
A total of 10 participants joined the session, selected for their expertise in defense
technologies, aerospace materials, and innovation policy. I aimed to ensure balanced
representation across academia, industry, and government (the Triple Helix model),
and invited stakeholders accordingly. In addition, the focus group included five female
and five male participants, ensuring a balanced gender distribution. Although I made
specific efforts to secure participation from all sectors, several invitees, particularly
from academia and government, were unable to attend. As a result, the final group was
more heavily composed of industry representatives. To ensure the methodological
robustness of the session, I did not rely solely on institutional affiliation to achieve
representational balance. Instead, I focused on assembling a group with a broad range
of disciplinary backgrounds and functional roles. Throughout the session, I employed
a moderation approach to support active participation and ensure that each perspective,
whether technical, strategic, or academic, was equally integrated into the discussion.
In line with Bloor et al. (2001) recommendations for managing participant imbalances
in expert-focused settings, I made a deliberate effort to maintain dialogic balance,
promote cross-sectoral dialogue, and ensure that diverse perspectives were

systematically captured and integrated into the scenario-building process. In
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facilitating the session, I was accompanied by a co-facilitator who was well-acquainted
with both the foresight methods employed and the online "Futures Wheel" platform.
This collaboration contributed to a smoother process, as the facilitator assisted in

managing the digital tools and supporting participant interaction throughout the

session. The participant profile is shown in Table 8.

Table 8. Futures Wheel Participant Profile Overview

Participant | Title Sectoral Specialization/
Code Affiliation Focus Area Gender
P1 Policy Government | National defense policy
i ) ) Female
Strategist & strategic planning
P2 Tech Startup Innovation &
Entrepreneur technology related to Male
Materials Technology
P3 R&D Materials Materials Engineering Male
Strategist Industry
P4 Academic- Defense & | Materials Engineering
Industry Aerospace applications Male
Integrator Industry
PS5 System Design | Defense & Structural design
Engineer Aerospace development Male
Industry
P6 Early-Career Defense & Mechanical/structural
Engineer Aerospace applications Female
Industry
P7 Researcher Academia | Honeycomb structures,
additive manufacturing Female
P8 Composite Defense & Chemical processing,
Materials Aerospace composite materials Female
Specialist Industry
Table 8. (continued)
P9 Manufacturing | Defense & Materials
Specialist Aerospace | manufacturing, quality | Male
Industry control
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P10 Faculty Academia | Advanced Composites
) Female
Member Materials

Source: Author

Before the session, all participants were informed in advance about the structure and
objectives of the focus group. An information package was shared via email, which
included a user manual explaining how to navigate the custom-designed web platform,
an overview introduction to the Futures Wheel method and its application within this
research. The purpose of this preparatory material was to ensure that participants
arrived at the session with a solid understanding of both the technical aspects of the
exercise and the broader strategic importance of their contributions. They were
explicitly informed that the insights they would provide would directly feed into the
evaluation and prioritization of alternative future scenarios related to honeycomb
materials technologies. This early communication also served to establish common
ground among participants with varied disciplinary backgrounds, allowing for a more

focused and effective engagement during the session.

After the introductory warm-up and methodological briefing, participants individually
accessed the custom-designed web interface, where they encountered the first
interactive screen (Figure 7) initiating the Analytic Hierarchy Process (AHP) phase.
In this step, they were asked to make pairwise comparisons between the three
predefined evaluation criteria—Impact on the Future, Operational Application Areas,
and Dual-Use Potential—by using a slider-based interface that allowed them to
express both the direction and degree of importance on a standard 1-to-9 AHP scale.
Each comparison was accompanied by descriptive explanations to support clarity and
consistency, and participants were expected to base their inputs on their professional
judgment regarding the strategic relevance of each criterion. The system automatically
calculated the consistency ratio (CR) for each participant’s responses, and the
“Karsilastirmalar1 Onayla ve Devam Et (Confirm Comparisons and Continue)” button
remained inactive unless the comparisons met the required logical consistency

threshold, ensuring the reliability and analytical soundness of the resulting weights.
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Defining of the Criteria Weights Show Help ®

Defining of the Criteria Weights

In that step, it is expected from you to define the relative importance levels of the criteria that will
be used in the foresighting process.

Every foresight will be graded according to some criteria, and these grades will form a “future path”
by getting multiplied by the weights assigned. The future path with the highest grade will be defined
as the scenario aimed to be reached and in the next step, the actions that are required to actualize
that scenario will be formed.

Fields of use

|

Affecting the future and fields of use are equally important

——

Affecting the future and fields of use are equally important

|

Affecting the future and fields of use are equally important

Confirm Comparisons and Continue

Figure 7. Interface for Pairwise Comparison of Evaluation Criteria (AHP Input Screen)

Source: Author

After completing the AHP-based weighting process, I directed participants to the main

interface of the Futures Wheel, which served as thse central workspace throughout the

session Figure 8.

Figure 8. Central Node Interface
Source: Author
This interactive web page presented the core foresight topic: “Development of
Honeycomb Material Technologies™ as the central node. At this stage, I introduced the
interface structure and explained that their foresight inputs would be mapped around

this node across three temporal layers: short-term, mid-term, and long-term. Each layer
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followed the same process. To begin the short-term layer, I posed the following
guiding question to the participants: “What kinds of developments do you foresee in
honeycomb material technologies that could happen in the short term?” I then gave
participants 10 minutes to reflect individually and enter their foresight inputs directly

into the system.

For each input (node), participants were required to write a short foresight statement
and evaluate it using the same three criteria introduced earlier: Impact on the Future,
Operational Application Areas, and Dual-Use Potential. These evaluations were done
using 5-point Likert-type sliders integrated into the entry interface shown in Figure 7.
Each time a participant initiated a new entry, the interface shown in Figure 9 opened.
This design ensured that each foresight statement was accompanied by structured,
criteria-based assessments, which were necessary for the scoring and prioritization
stages that followed. To support clarity during the entry phase, I provided real-time

guidance and answered any questions through verbal instructions.

add Development Show Help

Relevant Development:
of

material
Please write the development youforesee 35 2.tast of the development above down below and grade the

foresight. The criteria are graded in 3 scale of S. You can get help about the criteria descriptions and the grading
by the “Show help” button.

Foresight text:

successfully concluded.

1. Impact on the Future

Materials technology o i and
innovations.

L Operational Application Areas

Materials technology o its associat ed development is suitable for land, air, and nd i -
heat, and radiation.

3. DusiUse Suitabifity Slider

Materials technology or its associated development has significant applicability across defense, civil serospace, and most non-
serospace sectors,

Add thés developmant

Figure 9. Participant Interface for Entering and Rating a Foresight Statement
Source: Author
After the individual entry phase, I facilitated a 15-minute group discussion where
participants reflected on their own and others’ foresight inputs. During this discussion,
I encouraged participants to elaborate on their entries, share perspectives, and

challenge or support one another’s ideas.
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I repeated this procedure in the same format for the mid-term and long-term phases,
each time beginning with a time-specific question and proceeding through individual

input followed by collective discussion.

I proceeded with the same structure for the mid-term foresight phase. Participants were
asked to consider how the developments they or others had proposed might evolve
over a longer timeframe. Participants selected an existing short-term foresight
statement they found relevant and meaningful and then contributed a corresponding
mid-term development that could logically follow from it. This approach encouraged
continuity, while also allowing participants to branch out from their own or others'
ideas. Each mid-term entry was again evaluated using the same three criteria, Impact
on the Future, Operational Application, and Dual-Use Potential, on a 5-point Likert-

type scale.

Once all mid-term entries were submitted in ten minutes, [ initiated a group discussion,
encouraging participants to reflect on the potential transitions between short-term and
mid-term developments, and to critically assess whether the projected path appeared
plausible, strategically significant, or in need of revision.

The same process was repeated for the long-term foresight phase. Participants
reviewed the previously constructed mid-term entries and identified which of these
could serve as a foundation for further long-term development. Using this method,
participants built future pathways consisting of connected foresight statements across
three temporal layers. As with the previous stages, each long-term entry was

individually rated against the same set of criteria.
By the end of this stepwise process, a set of interlinked future paths was formed, An

example path shown in Figure 10, which demonstrates how sequential foresight inputs

in futures wheel form.
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Figure 10. Example Scenario Path Created through the Futures Wheel

Source: Author

Participants responded positively to the structure of the Futures Wheel focus group,
especially highlighting the usefulness of the custom website tailored to the method.

The visual, step-by-step design helped them articulate ideas clearly, while the custom-
designed online platform enhanced engagement by enabling intuitive input and real-
time evaluation. Its integrated interface supported seamless navigation and contributed

to a smooth scenario-building process.

I observed active participation throughout, with individuals not only contributing
insights but also building on each other’s inputs. This observation aligns with Spaniol
(2024) argument that participatory foresight tools with visual interfaces increase
expert engagement and improve the quality of scenario outputs. Embedding evaluation
criteria into the interface reduced cognitive load and improved consistency. Overall,
the platform supported data collection and provided foresight inputs directly usable in

the next research phases.

Following the focus group, I analyzed the foresight statements collected through the
platform and calculated the scores of each node based on the pre-defined criteria and
AHP-derived weights. I then aggregated these node scores into full scenario pathways
across short-, mid-, and long-term layers. By applying the time-weighted scoring
model described earlier, I identified the most strategically significant future path. This
prioritized path served as a concrete output of the exploratory foresight phase and

provided the basis for the subsequent backcasting focus group.
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3.4.5. Backcasting Focus Group

To complement the exploratory foresight phase and address the second research
question that is “What policies are needed to enable the realization of this prioritized
future?” I conducted a second focus group session using the Backcasting methodology.
This normative foresight tool enabled participants to envision the conditions and
actions necessary to reach the prioritized future scenario identified through the earlier

Futures Wheel analysis and scoring.

To ensure continuity between the two foresight phases, I invited the participants from
the previous Futures Wheel session to join the backcasting workshop. In order to
maintain diversity and enrich the discussion, additional invitations were extended to
academics and experts in materials and defense technologies. Unfortunately, due to
time constraints, these individuals were also unable to join. Nevertheless, the group
was successfully supplemented by one new participant (P 11), a research and
development engineer with expertise in patent analysis and materials science. His
contribution was particularly valuable in contextualizing technological developments
and identifying realistic pathways aligned with ongoing innovation trends. However,
four of the earlier participants were unable to attend due to scheduling conflicts. The
final composition of the backcasting focus group included seven participants,
consisting of six returning individuals (P 1, P 4, P 5, P 6, P 9, P 10) and one new
member (P 11). An overview of the participants and their professional profiles is
presented in Table 9. With respect to gender distribution, the group included three

female and four male participants, reflecting a nearly balanced representation.

Table 9. Backcasting Focus Group Participants

Participant . Sectoral Specialization/
Code Title Affiliation Focus Area Gender

Polic National defense

P1 Y Government |policy & strategic Female
Strategist .

planning

Academic- Defense & | Materials

P4 Industry Aerospace Engineering Male
Integrator Industry applications
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Table 9. (continued)

System Design Defense & Structural design
P5 : Aerospace Male
Engineer development
Industry
Early-Career Defense & Mechanical/structural
P6 Engineer Aerospace applications Female
& Industry PP
Manufacturin Defense & | Materials
P9 - & Aerospace | manufacturing, Male
Specialist .
Industry quality control
Facult Advanced
P 10 Y Academia Composites Female
Member .
Materials
Patent analysis Defense & Materials science
P11 . Aerospace Male
engineer background
Industry

Source: Author

The session was conducted online via Microsoft Teams, lasted approximately 120
minutes, and was audio recorded for analysis purposes, following participants’
informed consent. For collaborative input and visualization, I utilized the Miro digital
whiteboard platform, which allowed participants to structure their ideas interactively.
To support participant preparedness and facilitate effective engagement, I sent a
preparatory information package. This package included a user guide for navigating
the Miro platform and a brief overview of the Backcasting process. I was also
supported by a facilitator who was familiar with both the foresight methods applied
and the technical functionalities of the digital platforms used. Just like in the Futures
Wheel focus group, I again paid particular attention to maintaining dialogic balance
and encouraging diverse participation, drawing on Bloor et al. (2001) moderation
techniques to ensure that a range of perspectives was actively integrated into the

discussion.

I began by introducing the prioritized future scenario to reactivate participants’
engagement and establish a shared conceptual baseline. In the initial phase, the goal
was to explore participants’ perceptions of the envisioned future’s strategic

significance, particularly in terms of its potential value and relevance for the defense
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and aerospace sectors. This included examining how such a future might address
sectoral challenges, enhance competitiveness, and contribute to long-term national
capabilities. Understanding these perspectives helped me assess participants’

alignment with the scenario and provided an entry point for deeper reflection.

Subsequently, the discussion transitioned into a diagnostic phase aimed at uncovering
the present landscape of enabling efforts and systemic obstacles. Here, I sought to
collect insights into existing activities or initiatives that already contribute to the
realization of the prioritized future. At the same time, participants were encouraged to

identify the primary barriers avoiding technological and strategic progress.

To support future-oriented thinking and deepen participant engagement, I introduced
an immersive imagination exercise inspired by the experiential foresight approaches
discussed by Candy & Dunagan (2017) and Voros (2003). As these authors suggest,
such techniques enhance flexible thinking and help participants expand their
perceptions of plausible futures and perceived courses of action. In this context, I
designed a detailed and interconnected future scenario based on the previously
prioritized pathway, aiming to help participants vividly imagine the implications of
the envisioned future. I invited them to place themselves within this future setting and

to engage with it as if they were living in that world.

In the main Backcasting phase, 1 asked participants to consider the roles and
responsibilities of key actors within the Triple Helix model, government, industry, and
academia. [ structured the exercise around three distinct action-mapping phases: short-
term, medium-term, and long-term. For each phase, I first gave participants 10 minutes
for silent ideation, during which they individually entered their responses onto the
Miro board. This was followed by a 15-minute open discussion, allowing them to
elaborate on their own ideas or engage with others’ contributions. I applied this
structure consistently across all three-time horizons to enable a coherent and
comparable exploration of actions over time. This approach allowed me to encourage
balanced participation, capture both written and verbal inputs, and ensure inclusive

engagement regardless of individual communication preferences.
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The Interview Guide, which outlines the structure and flow of the session, is provided
in Appendix C, while the template of the action-mapping board used in Miro is

presented in Appendix D to illustrate the methodological design.
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CHAPTER 4

FINDINGS & DISCUSSION

This thesis compiled and analyzed data obtained through focus group interviews to
produce concrete outputs that clarify future technological priorities and inform long-
term policy decisions regarding the integration of honeycomb materials into defense
and aerospace systems. Two focus group sessions were conducted online, each lasting
approximately 120 minutes. These sessions facilitated in-depth discussions among

participants and generated valuable qualitative data to support the research objectives.

4.1. Futures Wheel Focus Group Analysis

The Futures Wheel workshop was conducted with approximately 120-minute session
with ten active participants, as listed in Table 8. During the session, participants were
asked to engage in two main tasks that formed the foundation of the foresight analysis.
First, they conducted pairwise comparisons of three predefined criteria—Impact on
the Future, Operational Application Areas, and Dual-Use Potential to generate relative
weights using the Analytic Hierarchy Process (AHP). This weighting process aimed
at capturing the perceived importance of each criterion in evaluating future
developments. Second, participants generated foresight statements related to the future
of honeycomb materials technologies in a temporal sequence, starting from the short
term and progressing step by step toward the long term, and assigned scores to each
statement based on the same three criteria. This approach enabled both the articulation
of possible futures and the systematic prioritization of those futures through a
structured decision-making framework. As a result of the workshop, a total of 52
unique foresight statements were produced. Based on this structured input, the session

resulted in the identification of 10 complete future paths,
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each composed of linked foresight statements that span from short- and medium-term
projections to long-term outcomes. In addition to this, 12 partial paths were formed,
consisting of only short- and medium-term projections without a corresponding long-
term extension. Furthermore, 4 stand-alone short-term foresight statements were

recorded that did not connect to any broader temporal progression.

The final visualization of the Futures Wheel, generated on the web-based platform
during the session, is provided in Figure 11 to illustrate the configuration of foresight
statements across time horizons. While the figure is not intended for a detailed reading
of each individual statement, it aims at demonstrating the volume of input collected
during the session, as well as to convey the general architecture and logic of the Futures
Wheel methodology applied in this thesis. Here, it is important to recall the definition
of a Future Path as employed in this study: a future path is defined as a sequence of
foresight statements that span across multiple time horizons, short, medium, and long
term, creating a logically connected progression. This structural understanding of
future paths is visually presented in Figure 3 of the Methodology section. This initial
clustering provided the foundational input for the subsequent prioritization process,
which utilized the Weighted Path Score calculation (see Formula 9 in the

Methodology section) to identify the most prioritized future.

4.1.1. Evaluation and Aggregation of Criteria Weights

Each participant was asked to conduct pairwise comparisons of the three predefined
criteria—Impact on the Future, Operational Application Areas, and Dual-Use
Potential—to determine their relative importance in prioritizing foresight statements.

This process was facilitated by a custom-designed web interface (see Figure 7 in the
Methodology section), which featured a slider-based comparison tool and an
automated consistency ratio (CR) check. The system actively prevented submission of
inconsistent judgments by disabling the confirmation button and alerting participants
until logical consistency was achieved. Additionally, the interface provided real-time
verbal explanations of each selected pairwise comparison, which helped participants
clearly grasp what their choices meant in relation to one another. This support enabled

them to make more informed and consistent decisions.
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Figure 11. Final interface of the web-based Futures Wheel platform.

Source: Author



The individual weightings derived from these comparisons, along with the aggregated

geometric mean and normalized values, are summarized in Table 10.

Table 10. Individual and Aggregated Weights for Criteria

Participant | Impact on gpeliiact:t)il:f: Dual-Use
Code the Future pp Potential
Areas

P1 0.13 0.66 0.21

P2 0.31 0.20 0.49

P3 0.55 0.37 0.08

P4 0.16 0.19 0.66

P5 0.57 0.33 0.10

P6 0.12 0.61 0.27

P7 0.48 0.12 0.41

P8 0.33 0.33 0.33

P9 0.38 0.07 0.55

P10 0.19 0.72 0.08

Geometric
Mean (6)* 0.28 0.28 0.25
Normalization
(7)* 0.34 0.35 0.31
Final Weights
*The formulas with associated numbers are provided in the

Methodology section, specifically in Part 3.2.2.1.

Source: Author

A review of the data reveals notable differences in participants’ preferences. Firstly,
while Impact on the Future received relatively high scores from participants P3, PS5,
and P7 (0.55, 0.57, and 0.48 respectively), others— P1, P4, and P6 assigned it
significantly less importance. Conversely, Operational Application Areas was rated

highest by P1, P6 and P10 (ranging from 0.66 to 0.72).

Interestingly, the “Dual-Use Potential” criterion received relatively high ratings from
multiple participants namely P2, P4, and P9 (ranging from 0.27 to 0.66), suggesting

that considerations of civilian-military applicability may play a central role.
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Participant P8 presents a balanced weighting (0.33, 0.33, 0.33), reflecting equal
importance across all criteria that likely a result of equal values in the pairwise
comparison matrix, which is methodologically valid but analytically limited, as it does
not reflect a clear prioritization. In contrast, P10 assigned a clearly higher weight to
“Operational Application Areas” (0.72), indicating a strong preference for practical
applications. This may reflect an application-oriented perspective shaped by an

academic background focused on systems integration or project-based work.

Following individual calculations, the geometric mean was computed across all
participants for each criterion, yielding values of 0.28 for both “Impact on the Future”
and “Operational Application Areas,” and 0.25 for “Dual-Use Potential.” These values
were then normalized (as described in Formula 7 in Section 3.2.2.1 of the
Methodology), resulting in final aggregated weights of 0.34, 0.35, and 0.31,
respectively. Although participants expressed differing individual judgments, the
aggregation process produced relatively close group-level scores. This convergence
does not necessarily indicate full consensus in the behavioral sense but rather reflects
the smoothing effect of geometric mean aggregation, which balances out variations in
individual input. Such outcomes are common in group AHP studies and are viewed as
a methodological feature (Dong et al., 2010; Saaty, 1980, 2008; Saaty & Vargas,
2012). This methodological feature refers to how group AHP reduces variation in
individual judgments through geometric mean aggregation. Rather than reflecting true
consensus, the resulting convergence is a mathematical outcome of the method. This
approach helps produce balanced and interpretable group results even when
participants hold differing views. Therefore, the observed closeness in weights should

be seen as a product of the aggregation technique, not as uniformity in opinion.

4.1.2. Futures Wheel Prioritization Outcomes and Methodological Discussion

4.1.2.1. Prioritization

After future wheel focus group, a total of ten complete scenario pathways were

constructed, each encompassing short-, medium-, and long-term developments. In

addition, twelve scenario paths covering only the short- and medium-term, and four
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isolated short-term foresight statements were identified. Undoubtedly, each of these
foresight statements, alternative futures and scenario suggestions provides valuable
input for shaping perspectives on the future (Glenn, 2009; Miller, 2007). However, the
methodological framework of this study is specifically designed to prioritize scenario
pathways that include the full temporal structure short, medium, and long term to
establish a prioritized future scenario. The primary reason for this approach is that it
directly aligns with the first research question posed in this thesis that is “What is the
prioritized future of honeycomb materials technologies in the defense and aerospace
industries?”. Therefore, both the evaluation and scoring processes were conducted
exclusively on the ten scenario pathways that fulfilled all three temporal layers. The
reported results are limited to these complete pathways to ensure consistency with the

research objective.

The ten future paths that included short-, medium-, and long-term foresight statements
were scored and ranked based on the Temporal Weighted Path Score formula (9), as
presented in Table 11. This table provides an overview of each path’s individual node

scores per temporal layer and their cumulative time-weighted score.

As a result of the multi-criteria prioritization analysis conducted in this study, the
scenario pathway that received the highest temporal weighted score is identified. This
scenario, defined as the "prioritized future," is based on the structural lightweighting
applications of honeycomb material technologies. This path is characterized by a

sequence of foresight statements progressing through temporal layers;

in the short term, the development of ultra-low specific weight yet high
strength composite honeycomb materials technology.

in the medium term, the widespread adoption of environmentally friendly
designs;

in the long term, the reduction of costs and the establishment of new industrial

standards through the adoption of sustainable honeycomb structures.
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Table 11. Prioritized Future Paths Based on Temporal Weighted Path Scores

Source: Author

Total Node Temporal
q q . . Weighted Path
Short Term Foresight Statement Mid Term Foresight Statement Long-Term Foresight Statement Score gScore
3 ©
Participant | Ps Participant | P5 Participant___| Ps
1 Development of ultra-low specific weight yet high-strength honeycomb New environmentally friendly designs become widespread with Cost reduction and the establishment of new industry standards through widespread
composite materials lightweight structures adoption of sustainable honeycomb structures 13.66 433
s Impact on the Future | Operational Application Areas | Dual-Use Potential Node Score Impact on the Future | Operational Application Areas | Dual-Use Potential | Node Score | Impact on the Future | Operational Application Areas Dual-Use Potential Node Score
core
5,00 5,00 5,00 5,00 5,00 5,00 5,00 5,00 3,00 4,00 4,00 3,66
Participant P6 Participant P6 Participant P6
2 Autonomous core manufacturing to reduce production time and cost, Recycling of thermoplastic cores with consistent quality via . - . . .
. . . Use of thermoplastic cores to maximize resource efficiency in aerospace applications
removing a key barrier to honeycomb core adoption autonomous systems
12,69 4,05
S Impact on the Future | Operational Application Areas | Dual-Use Potential Node Score Impact on the Future | Operational Application Areas | Dual-Use Potential | Node Score | Impact on the Future | Operational Application Areas Dual-Use Potential Node Score
core
5,00 5,00 5,00 5,00 4,00 4,00 4,00 4,00 4,00 4,00 3,00 3,69
Participant Pl Participant P3 Participant P3
tie)- . . Lo . . .
F t3 ( l? th3 Development of honeycomb structures supported by carbon nanotubes, Integration of MMC (metal matrix composites) into honeycomb Development of new fiber architectures with enhanced alignment and surface
uture Pa . . .
graphene, ceramics, and metal matrix composites structures texture control
12,31 4,03
S Impact on the Future | Operational Application Areas | Dual-Use Potential Node Score Impact on the Future | Operational Application Areas | Dual-Use Potential | Node Score | Impact on the Future | Operational Application Areas Dual-Use Potential Node Score
core
4,00 4.00 4,00 4,00 4,00 5.00 5.00 4,66 3.00 4,00 4.00 3,66
Participant P4 Participant P4 Participant P4
3(tie)- . . . . . . . . . . .
Fut ( P) th 4 Development of self-healing honeycomb materials to improve structural Damage repair processes that continue autonomously without Damage repair processes that continue autonomously without interrupting
uture Pa L . . . .
resilien interruptin ration: ration
esilience terrupting operations operations 12,00 403
s Impact on the Future | Operational Application Areas | Dual-Use Potential Node Score Impact on the Future | Operational Application Areas | Dual-Use Potential | Node Score | Impact on the Future | Operational Application Areas Dual-Use Potential Node Score
core
5.00 4.00 4.00 4,34 4.00 3.00 3.00 3,34 3.00 5.00 5,00 4,31
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Table 11. (continued)

Total Node Temporal
. . - . Weighted Path
Short Term Foresight Statement Mid Term Foresight Statement Long-Term Foresight Statement Score °'gSC:n_ b
[¢)) ©)
Participant | P5 Participant | P2 Participant | P2
4 . . . s Creation of a system that knows the computer-supported position better if the
5 Development of hybrid-configured honeycomb structures to meet specific | Integration of electronic systems within honeycomb cores to reduce X s . omp PP pos .
X 5 X . ’ electronics work in an integrated way in honeycombs and is integrated into the
functional requirements sensor/cable weight and improve platform efficiency N . R
platform itself in its circuits 11,69 3,98
s Impact on the Future | Operational Application Areas | Dual-Use Potential Node Score Impact on the Future | Operational Application Areas | Dual-Use Potential | Node Score | Impact on the Future | Operational Application Areas Dual-Use Potential Node Score
core
4.00 4.00 4.00 4,00 3.00 4.00 3.00 335 5.00 4.00 4.00 4,34
Participant P6 Participant P6 Participant P6
6 Realisation of complex geometry HC core production by additive . . Structural health monitoring-enabled smart cores with real-time diagnostics and non-|
. Integration of sensors and actuators into honeycomb cores Lo . .
manufacturing destructive inspection capabilities
11,73 3,86
s Impact on the Future | Operational Application Areas | Dual-Use Potential Node Score Impact on the Future | Operational Application Areas | Dual-Use Potential | Node Score | Impact on the Future | Operational Application Areas Dual-Use Potential Node Score
Score
4.00 4,00 4.00 4,00 5.00 4,00 3.00 4,04 4.00 4.00 3.00 3,69
Participant P6 Participant P6 Participant P6
7 HC core production using self-healing polymers, biobased materials and Combining materials to create multi-functional cores with self- . N . . .
o L . . ; L. Aircraft structures capable of autonomously healing cracks during operation.
nanomaterials in combination healing, high strength, and electrical/thermal conductivity
11,37 3,81
Impact on the Future | Operational Application Areas | Dual-Use Potential Node Score Impact on the Future | Operational Application Areas | Dual-Use Potential | Node Score | Impact on the Future | Operational Application Areas Dual-Use Potential Node Score
Score
5.00 4,00 3,00 4,04 4,00 3,00 3.00 3,34 5.00 3.00 4,00 3,99
Participant PS5 Participant P4 Participant P4
8 Development of hybrid-configured honeycomb structures to meet specific | The honeycomb structure can be used in the desired location, height, | Customized surface-enhanced honeycomb implementations replacing traditional
functional requirements thickness and shape with topology optimisation structures 11.69 3.77
s Impact on the Future | Operational Application Areas | Dual-Use Potential Node Score Impact on the Future | Operational Application Areas | Dual-Use Potential | Node Score | Impact on the Future | Operational Application Areas Dual-Use Potential Node Score
core
4,00 4,00 4,00 4,00 5,00 4,00 4,00 4,34 4,00 3,00 3,00 3,34
Participant P6 Participant P6 Participant P6
Production of honeycomb cores with negative Poisson’s ratio (i.e., when
9 Poisson’s ratio is negative, materials contract inward rather than expanding Different behaviour of HC cores under different conditions Adaptive cores in aircraft that change shape and properties dynamically
outward when compressed. The opposite of most materials) 10,42 3,56
s Impact on the Future | Operational Application Areas | Dual-Use Potential Node Score Impact on the Future | Operational Application Areas | Dual-Use Potential | Node Score | Impact on the Future | Operational Application Areas Dual-Use Potential Node Score
core
4,00 3,00 2,00 3,04 4,00 4,00 3,00 3,69 4,00 4,00 3,00 3,69
Participant P9 Participant P9 Participant P10
By utilising the ability of thermoplastics to be joined to each other
. . L . without using any intermediate material, adhesive and binder weight | One-shot production of honeycomb sandwich composites (i.e., producing the entire
10 Use of thermoplastic matrix-based honeycomb composites in integrated high. . e . Y . e p . . Y N . mp ( producing .
temperature structures will be saved in integrated structures. Therefore, it is necessary to layered structure in a single manufacturing step, instead of assembling it in multiple 8.68 283
P improve the ability of TP honeycomb to be combined with laminated stages ’ ’
structures
s Impact on the Future | Operational Application Areas | Dual-Use Potential Node Score Impact on the Future | Operational Application Areas | Dual-Use Potential | Node Score | Impact on the Future | Operational Application Areas Dual-Use Potential Node Score
core
4,00 2,00 3,00 2,99 4,00 3,00 2,00 3,04 3,00 2,00 3,00 2,65




One plausible explanation for why this pathway ranked first may lie in the fact that the
concept of lightweighting carries important implications for the defense and aerospace
sectors. The most important benefit of lightweight structures is their ability to reduce
fuel consumption, thereby improving operational efficiency. This directly contributes
to logistical advantages and aligns with broader sustainability (Bitzer, 1997; Qi et al.,
2021). In particular, lightweight composite structures used in aircraft fuselages and
space vehicles increase mission range and optimize payload capacity (Babus et al.,

2004).

A particularly notable aspect of this path is its strong alignment with the historical
factors behind the development of honeycomb structures, namely, the balance between
low weight and high mechanical strength. Rather than radically transforming the core
technology, the foresight statements in this path aim to extend and enhance its original
strengths. This suggests that technological improvements in material technologies do
not always require radical transformation; in some cases, major progress can be
achieved by building on a material’s fundamental strengths. As Bitzer (1997) and
Romanowski and Nadolny (2018) emphasize, honeycomb structures have long been
valued for their ability to combine mechanical strength with low weight, a property
that has established their strategic importance in both defense and aerospace domains.
This remains highly relevant today, and instead of replacing it with new approaches,
improving and building on its core strengths is often more effective. In this sense,
continuing to develop honeycomb technologies in alignment with their original
advantages represents a logical and sustainable path forward in the evolving landscape
of advanced materials. Furthermore, the foresight elements within this pathway do not
merely focus on materials technology but also foresee sectoral transformation in terms
of environmental impact, cost efficiency, and regulatory alignment. Indeed,
sustainable materials technologies contribute not only to compliance with
environmental standards but also to increased supply chain resilience and the
expansion of dual-use potential across military and civilian domains (Sarjito, 2024).
In particular, the long-term foresight statement referring to the "establishment of new
industry standards" indicates a structural transformation that could influence the entire

value chain as these technologies become mainstream.
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While the prioritization scores point to a clear leading future path, a closer analysis of
the remaining paths reveals several important insights. For example, although the third
and fourth scenario pathways received the same temporal weighted path score, this
outcome illustrates how the time-weighted scoring system can occasionally act as a
structural equalizer. Even when the node scores vary in weight across different time
layers, the aggregated score may still appear similar. When two pathways receive
identical temporal scores, just like here, distinguishing between them can be
challenging. In such cases, using an alternative evaluation criterion such as the total
node score can offer a practical resolution. Indeed, in this study, the relative ranking
of the third and fourth future paths was determined based on their total node scores.
This approach can maintain the methodological value of temporal weighting while
demonstrating that total node score can serve as a complementary criterion when

necessary.

While identical scores may require such supplementary strategies, Total Node Scores
and Temporal Weighted Path Scores showed strong alignment in the first and second
scenario pathways, demonstrating the internal consistency of the evaluation
framework. This consistency indicates that the scenarios rated most impactful,
applicable, and open to dual use by participants were also considered strategically
valuable in the long term. As a result, a natural convergence between Total Node
Scores and Temporal Weighted Path Scores emerged, highlighting the overall

consistency and reliability of the evaluation process.

A deeper review also reveals how similar core technologies may be strategically
positioned for different objectives. For instance, both the fourth and seventh scenario
pathways are centered on self-healing honeycomb structures, yet they differ
significantly in purpose. The fourth scenario emphasizes structural resilience, aiming
to ensure operational continuity and durability in defense and aerospace systems. The
seventh scenario, by contrast, treats self-healing not only as a protective mechanism
but also to achieve multifunctionality, integrating properties such as electrical and
thermal conductivity and enhanced mechanical performance. These differing
perspectives illustrate how single enabling technology can be tailored to meet varying

goals.

85



The foresight statements produced during the study appear to cluster around three
major thematic domains: material development, production processes, and functional
integration. Within the material development domain, efforts are primarily aimed at
modifying the structural properties of honeycomb materials through the incorporation
of advanced material types. These include nano-enhanced components, biobased
materials, and thermoplastics. A closer look reveals the integration of next-generation
substances such as carbon nanotubes, graphene, metal matrix composites, and
sustainable polymers into honeycomb configurations. This approach not only targets
enhanced mechanical performance but also aims to achieve goals related to weight
reduction, environmental compatibility, and recyclability. The production process
domain focuses on improvements in manufacturing techniques. Key foresight
elements in this category include additive manufacturing (3D printing), surface
preparation innovations, and bonding methods that eliminate the need for adhesives.
These developments are expected to yield significant operational advantages,
particularly in terms of productivity and cost efficiency. Finally, the functional
integration domain highlights a shift in the role of honeycomb materials from being
merely passive structural components to becoming active, intelligent elements within
larger systems. In this context, self-healing capabilities, integrated sensor systems, and
structural health monitoring features emerge as key improvement areas. These
technologies are designed to enhance system-level performance, enabling materials to

participate in real-time diagnostics and adaptive functionalities.

During the focus group sessions, I observed that participants interpreted the concept
of "honeycomb" in different ways. Some participants approached it as a structural
system, while others emphasized its functional attributes or associated manufacturing
processes. This diversity reflects the multidimensional nature of honeycomb structures
and their applicability across different contexts. However, in this thesis, honeycomb
structures are conceptually framed as a material technology to ensure consistency and
coherence throughout the analysis. This framing encompasses not only the physical
form of the structure but also its composition, production methods, and functional
integration. All foresight statements generated during the process have been analyzed
within this conceptual framework, and the participants' contributions align well with

this perspective.
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4.1.2.2. Methodological insights

Beyond the thematic, technological, and prioritization-related findings, the workshop
process revealed several methodological dynamics referring here to the patterns of
interaction, participant behavior, and interpretive approaches that unfolded during the
foresight exercises. Since foresight exercises rely heavily on interaction among
participants, analyzing these dynamics is essential for understanding how knowledge
is co-produced and how scenario thinking is collaboratively constructed. These
dynamics offer valuable insights into how participants engaged with the process and

how collective futures were shaped.

The application of the Futures Wheel method in this study not only supported the
generation of individual foresight statements but also fostered interactive idea
development among participants. During the workshop process, several foresight
items were initially introduced by one participant and later extended through medium-
and long-term developments by others. For instance, in the third future path, the short-
term foresight statement was proposed by Participant P1, while the medium- and long-
term extensions were developed by Participant P3. This clearly demonstrates how
individual contributions evolved into collectively constructed. This dynamic illustrates
the method’s inherently collaborative nature and its ability to support shared thinking
processes. The structure of interaction observed among participants closely aligns with
key principles in foresight literature, particularly those emphasizing knowledge
exchange and the co-creation of strategic narratives. Both the methodological setup
and the digital interface used during the sessions contributed to enabling this
interaction by allowing participants to build on each other’s inputs in real time. As
Milojevi¢ & Inayatullah, (2015) also highlight, the process of constructing future-
oriented narratives through active participant engagement plays a vital role in shaping

collective visions of the future.

Another important observation from the analysis relates to how, in certain cases, some
short-term foresight statements were independently extended into different medium-
term developments by different participants. This was particularly evident in the fifth

and eighth future paths, where participants began from same short-term foresight
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statement but envisioned divergent directions as the scenarios evolved. For instance,
in both pathways, Participant P5 introduced the foresight statement “development of
hybrid-configured honeycomb structures to meet specific functional requirements.” In
the fifth pathway, Participant P2 continued this trajectory toward electronic
integration, focusing on embedding electronic systems within the honeycomb core. In
the eighth pathway, Participant P4 extended the same short-term idea in a different
direction, emphasizing topology optimization and customized structural
configurations. While this was not observed across all scenario paths, these cases
highlight how foresight statements can function as flexible starting points, interpreted
and expanded in different ways depending on the participant's perspective. This
illustrates that foresight statements are not fixed or linear constructs; rather, they are
dynamic and multi-directional, shaped by the unique perspectives of each participant
(Kok et al., 2011; Linturi et al., 2022). This phenomenon is often interpreted as the
result of differing individual expertise and sectoral positioning, which can lead to
multiple future visions emerging from the same technological trigger (Glenn, 2009).
In other words, a short-term technological signal may be understood by one participant
as a call for electronic integration, while another may interpret it in terms of structural
customization or production process improvement. Even the same starting point can

lead to different future paths depending on how it is interpreted by expert perspectives.

Further observation from the workshops concerned the varying levels of depth and
technical detail found in the foresight statements. Some foresight statements included
advanced engineering concepts and system-level integration, such as “structural health
monitoring-enabled smart cores with real-time diagnostics.” Others, by contrast,
remained more general and strategically oriented, like “aircraft structures capable of
autonomously healing cracks.” This diversity illustrates that the methodology used in
this study was sufficiently flexible to enable participants to contribute from their own
domain knowledge and positional understanding, allowing for a wide range of unique
viewpoints. Such variation contributes to the nature of the foresight process, and it
enriches the quality and multidimensionality of the resulting outputs. These
differences were not only technical in nature but also reflected the varying impact
domains addressed by the foresight statements. While some participants focused on

material engineering, manufacturing techniques, or structural design (for example,
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“development of new fiber architectures with enhanced alignment and surface texture
control”, others addressed broader systemic implications such as economic impact,
industrial norms, or policy transitions. One such example is the statement “cost
reduction and the establishment of new industry standards through widespread
adoption of sustainable honeycomb structures.” These findings show the potential of
foresight methodologies to address not only the question “what kinds of technologies
might emerge,” but also “what kinds of systemic transformations might those
technologies enable.” In this regard, the diversity of the participant group including
experts from industry, government, and academia proved methodologically valuable,
offering both analytical richness and the basis for a multidimensional interpretation of

future scenarios.

In terms of gender distribution, while no fundamental divergence in foresight
judgments emerged along gender lines, some nuanced differences were observed.
Female participants tended to emphasize operational applicability and integration into
existing defense systems, whereas male participants placed slightly greater weight on

long-term technological potential and dual-use opportunities.

In summary, the Futures Wheel analysis conducted in this study generated a rich and
multi-layered set of foresight statements and scenario pathways concerning the future
of honeycomb material technologies in defense and aerospace. Through a structured
methodology involving both criteria weighting and temporal prioritization, ten
comprehensive future paths were identified and evaluated, culminating in the selection
of a prioritized future scenario centered on lightweighting applications. Beyond the
numerical prioritization, the process revealed key thematic domains such as material
innovation, production processes, and functional integration while also highlighting
the collaborative and multi-perspective nature of foresight construction. The
methodological flexibility of the Futures Wheel enabled diverse technical and strategic
contributions, underscoring the value of expert heterogeneity in shaping robust and
nuanced visions of the future. This participatory approach not only offered insights
into emerging technologies but also captured the systemic transformations they may

catalyze.

&9



4.2. Backcasting Focus Group Analysis

This section presents the findings of the second focus group conducted using the
Backcasting method, designed to address the second research question: What types of
policy interventions are necessary to enable the realization of the prioritized future
scenario identified through foresight? This scenario, previously developed through the
Futures Wheel and scoring process, outlines a progressive pathway characterized by
three temporal layers: in the short term, the development of ultra-low specific weight
yet high-strength composite honeycomb materials technology; in the medium term,
the widespread adoption of environmentally friendly designs; and in the long term, the
reduction of costs and the establishment of new industrial standards through the
adoption of sustainable honeycomb structures. The Backcasting session was structured
to work backward from this desired future, encouraging participants to articulate

necessary enabling actions in temporally sequenced manner.

The qualitative data generated during this session were analyzed using Reflexive
Thematic Analysis (RTA) in MAXQDA, following an inductive coding approach.
More than 80 coded segments were identified, emerging directly from the participants'
own expressions rather than a predefined framework. The code book is given in Figure
12. These insights came from both the written content on the Miro digital whiteboard
where participants recorded their ideas during the initial 10-minute silent ideation

phase and from verbal contributions made during the subsequent open discussion.

When participants shared actionable ideas verbally without noting them down, either
the moderator or the facilitator documented these in real time to ensure they were not
overlooked in the analysis. This approach allowed for a comprehensive representation
of the conversation, capturing both structured inputs and spontaneous reflections. The

final version of the Miro board can be found in Appendix E.
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Rather than presenting the findings through the original theme generated during
MAXQDA analysis, I reorganized the insights around four broader titles. These titles
were not directly derived from a single theme but emerged through the interpretive
synthesis of multiple, thematically distinct but contextually related quotes and codes.
In many instances, these categories combined insights from different parts of the
discussion that converged around shared concerns or priorities. This structure enabled
a more policy-oriented interpretation of the data by emphasizing how diverse
viewpoints, when considered collectively, revealed concrete action areas with high
potential for policy development. To maintain methodological transparency, each
quotation is accompanied by its associated code and theme from the original analysis.
While these titles do not correspond to time-based categories used in the scenario
planning stage, they provide an integrated structure through which strategic action can
be explored. Temporal dimensions are revisited later in the conclusion and policy

recommendations.
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Although the Backcasting session suggest numerous policy recommendations across
a broad spectrum, this analysis specifically focused on four strategically significant
areas given below. These areas were chosen for detailed interpretation due to their
central importance and the depth of participant discussion, reflecting their potential as
foundational pillars for effective policy intervention. The other policy suggestions
generated in the session are acknowledged and incorporated into the broader

recommendations presented subsequently.

4.2.1. Enhancing Honeycomb Materials Technology

While the development of lightweight yet high-strength composite structures remains
a key objective, participants proposed specific design and production strategies that
directly contribute to achieving this goal from a technical side. One participant
emphasized the early-stage exploration of hybrid honeycomb configurations, noting
efforts to experiment with alternative geometries and advanced material combinations.
These designs aim to surpass traditional hexagonal patterns and lay the groundwork

for more versatile and high-performance structures.

“Hybrid honeycomb designs are being studied, not only traditional patterns
but also new configurations allowing advanced materials and structures. This
is still at an early stage.” (Participant P5, Hybrid honeycomb development,
Honeycomb Material Development)

Although these ideas are still largely conceptual, they have already inspired tangible
academic actions. A short-term proposal developed through this research suggests
launching structured investigations into geometric and topological diversity in
honeycomb structures. Specifically through controlled experimentation with cell

geometry, orientation, layering, and graded densities.

This type of exploratory work, led by research institutions and supported by public
agencies, can form the scientific foundation for long-term composite material
capabilities. These statements resonate with broader academic discussions on the
evolution of architectured materials as a promising area within materials science. For

instance, Fleck et al. (2010) emphasize that structural performance can increasingly be
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engineered through geometric architecture rather than purely through material
composition. Similarly, Zhang et al. (2020) highlight how non-traditional lattice
configurations can deliver enhanced performance under dynamic stress conditions.
These insights reinforce the value of advancing beyond conventional hexagonal forms

to unlock new possibilities in honeycomb design.

Another participant expanded on this trajectory by advocating for customized, 3D-
printed honeycomb structures. Moving away from standard solutions, the participant
highlighted the necessity of tailoring cell sizes and wall thicknesses based on

operational loads and environmental conditions.

“Instead of mass-produced, standard honeycombs, we need 3D-printed, load-
specific designs with varying cell sizes and thickness.” (Participant P6, Custom
honeycomb, Honeycomb Material Development)

Participant P6’s perspective aligns with emerging trends in materials engineering that
emphasize application-specific design and manufacturing flexibility. Qi et al. (2021)
underscore the growing significance of 3D printing also known as additive
manufacturing (AM) in facilitating geometry-driven material innovation, especially in
aerospace contexts where design constraints are stringent. AM enables topological
optimization distributing material only where structurally necessary—to enhance both
performance and efficiency (Seharing et al., 2020). Singh et al. (2024) further
highlight that AM allows for the rapid production of custom-designed honeycomb
components, contributing to structural performance while also meeting sustainability
goals. These developments demonstrate a broader shift from theoretical design

variation toward functionally integrated, scalable production pathways.

This developmetns builds upon earlier actions identified in the study particularly those
focused on academic research into geometric and topological variation. Rather than
repeating those efforts, it suggests a clear next step: shifting from problem
identification to long-term, application-oriented development. The participant's focus
on customization and operational relevance reflects a broader move toward

implementation and scale, aligned with future policy and industrial priorities.
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4.2.2. Bridging Research and Application

Composite honeycomb materials particularly those designed for lightweight represent
a relatively new technological domain within the national context. As such, their
integration is accompanied by a range of implementation challenges. Among these,
one of the most significant is the misalignment of goals between academia and
industry. This issue was clearly articulated by both a faculty member specializing in
advanced composites (Participant P10) and a system design engineer working in
defense aerospace systems (Participant P5), who described the structural barriers that
hinder effective collaboration and knowledge transfer. While Participant P5 and
Participant P10 offered insights into the nature of this gap, Participant P6 contributed
to the discussion by proposing mid-term, actionable solutions such as the
establishment of Centers of Excellence and the prototyping of research outcomes that

aim to bridge the research—application divide and accelerate industrial adoption.

Participant P5, a system design engineer from the defense and aerospace sector,
emphasized a fundamental limitation in the industry's engagement with experimental

materials. As he noted:

“Platform manufacturer companies don’t really have the luxury to test many
new materials. Of course, we engage in R&D, but our main role is application.
Universities are better suited for experimental studies. When industry and
academia collaborate, a joint effort is possible. I think we have the capability
but perhaps face issues in forming the right partnerships.” (Participant PS5,
Academia—Industry goal misalignment, Implementation Challenges)

This statement highlights division of functional roles between academia and industry.
While universities are expected to lead early-stage experimentation, industrial
stakeholders are often constrained by time, cost, and certification pressures, leaving
little room for exploratory testing. P5’s emphasis on the need for “the right
partnerships” points to a structural gap in current collaboration models. This
observation aligns with Perkmann et al. (2013), who argue that while academic
institutions prioritize novelty and publication, industry partners typically focus on
practical implementation and risk mitigation, leading to goal misalignments in

collaborative settings.
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From the academic side, participant P10 echoed these concerns, drawing attention to

the lack of scalability and industrial alignment in academic research:

“In academia, we develop lab-scale solutions for specific material goals, like
improving impact resistance or buckling. While these are valid for
publications, they often do not translate into certified, industrial systems,
especially in aerospace.” (Participant P10, Academia—Industry goal
misalignment, Implementation Challenges)

This quote underscores the disconnection between academic incentives and industrial
requirements. Academic work is often shaped by the logic of publish and laboratory
validation, yet lacks the practical pathways for certification and integration. Bruneel
et al. (2010) similarly note that structural and cultural differences, such as differing
time horizons and output expectations frequently limit the translation of academic
research into industrial solutions. As a result, promising innovations may remain

trapped at the research stage, failing to reach operational maturity.

Further elaborating on this challenge, P5 added a more nuanced critique:

“Solving very specific problems with very specific materials doesn’t
necessarily lead to scalable, cost-effective industrial solutions.” (Participant
PS5, Academia—Industry goal misalignment, Implementation Challenges)

It might seem a little frustrating at first, but P5’s comment underscores a constructive
call to recalibrate academic research toward scalability and cost-effectiveness,

fostering much closer academia—industry collaboration.

Later in the focus group, a potential solution to this challenge was suggested as the
establishment of Centers of Excellence that could serve as collaborative platforms to
bridge the research—application gap. These centers were envisioned as mechanisms to
standardize testing processes and foster joint efforts between universities and industry.
This suggestion emerged while the participant was discussing middle-term actions that
the government should undertake. This suggestion emerged as the participant was
expressing a view on what the government could consider as a middle-term action.
“Centers of excellence are being planned. These centers could standardize

testing and bring together universities and industry for application-driven
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work.”
(Participant P6, Collaboration for research & application, Action Items)

This suggestion was coded under the “Action Items” category and presents a system-
level response to the misalignment problem. Such centers would not only facilitate
joint testing and validation but also serve as neutral hubs for standardization and
collaboration across sectors. They could act as intermediary institutions capable of
aligning research trajectories with industrial requirements, providing shared
infrastructure, and fostering long-term partnerships.

The participant further noted:

“Excellence centers can bridge the research—application gap and serve as a
hub for standardization and cross-sector collaboration.” (Participant P6,
Collaboration for research & application, Action Items)

The role envisioned for these centers aligns with strategic innovation frameworks,
which suggest that such institutions can strengthen applied research capacity, support
researcher reintegration, and stimulate entrepreneurial discovery through targeted

sectoral investment (Terziev & Bogdanova, 2019).

As a middle-term action to be undertaken by industry, Participant P6 also highlighted
the importance of prototyping research outcomes as a complementary step to support
industrial adoption, and she further pointed out that a well-functioning Center of

Excellence could facilitate and accelerate this process.

“What we need now are low-density but high-strength honeycomb materials.
Such a material doesn’t exist yet. That’s why we need these materials to be
investigated in universities. We did this in the short term — the materials were
studied. Now, for these to be widespread, they need to be usable in actual
applications. This was also a demand-driven research effort carried out in
universities. To enable adoption, we should create a prototype in industry
using these results. For instance, a component like a wing — which is
commonly used — or the fuselage can be selected. If the tested material from
the university is used in producing a prototype, it can become an industrial
product. That'’s how it can be scaled up.”
(Participant P6, Prototyping the research outcome, Action Items)

This statement of Participant P6 underlines the necessity of demonstrating practical

use cases for emerging materials, particularly in the defense and aerospace sectors
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where scalability and certification are essential. By proposing a prototype-based
approach, P6 identifies a critical mid-step between academic research and industrial
integration where validated components can help reduce uncertainty and encourage

wider adoption in the field.

In summary, given that honeycomb materials are relatively new to the national context,
the collaboration between academia and industry is not only functionally necessary
but also strategically important in raising awareness. It reinforces the complementary
roles of academia in discovery and of industry in application, underlining the need for
mutual recognition and coordinated action. Importantly, proposed actions such as the
establishment of Centers of Excellence and prototyping of research outputs point to
mid-term, actionable solutions. These suggestions reflect a shared recognition among
stakeholders that institutional coordination, demonstration-driven innovation, and
infrastructure development are essential for translating materials research into

certified, functional aerospace applications.

4.2.3. Indigenous Capability Development

Participant P4 emphasized a significant gap in Tiirkiye’s industrial landscape
regarding honeycomb materials. He noted that there may be no local firms currently
producing honeycomb structures at least not at the required scale and that industrial
capability in this area appears limited when compared to standardized, catalog-based
production by international firms. This perceived deficiency in indigenous
manufacturing capacity not only increases dependency on foreign suppliers but also
raises questions about Tiirkiye’s preparedness for integrating ultra-low specific weight
yet high-strength composite honeycomb materials technology in strategic sectors like

defense and aerospace.

“There may not be any local companies producing honeycomb, or at least not

at the required scale... I don’t think that kind of industrial capability exists in

Tiirkiye.”

(Participant P4, Need for local producers, Industrial Capability & Localization)
In a follow-up remark, the same participant drew attention to a fundamental starting

point: understanding domestic demand. Without a clear sense of how much and where

honeycomb materials are needed, local production efforts remain directionless. This
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view underscores the importance of market-sensing and foresight mechanisms as
prerequisites for developing a competitive indigenous industry. These mechanisms
ensure that indigenous industry development is not blind or reactionary, but instead

informed, targeted, and aligned with strategic goals.

“We first need to understand the actual demand for honeycomb structures in
Tiirkiye and then ask: why is no one producing it? Where should we start?”
(Participant P4, Need for local producers, Industrial Capability & Localization)

These comments highlight a critical perspective raised during the focus group,
although there is clear interest and public investment in developing indigenous
capabilities, what is missing is a strong and focused effort to turn these into
commercially viable and industrially scalable outcomes. Rather than questioning
whether R&D activities exist, the participant draws attention to a deeper issue how
these efforts can be transformed into real products and production capacity. This
reflects a broader challenge in Turkey’s innovation ecosystem: institutional strategies
and research programs, including those led by the Presidency of Defense Industries
(SSB) given in 2024 OTAG report (SSB, 2024) , often remain disconnected from
practical implementation. The core problem is not a lack of research, but the difficulty
of moving from research results to production and market readiness. In this sense, the
participant emphasizes the need to go beyond academic or policy-level initiatives and
to build the necessary structures such as demand analysis, prototyping infrastructure,
and procurement incentives that can support the actual use and local production of

advanced technologies like honeycomb materials.

Implicit in Participant P4’s remarks also, consistent with their earlier contributions, is
the suggestion that honeycomb materials should indeed be introduced and produced
domestically in Tiirkiye. However, they emphasize that this process should begin with
a thorough needs analysis to determine which specific type of honeycomb structure is
most in demand. This, in turn, would guide the initial focus of production and ensure
that the efforts align with actual indigenous requirements.

This view was complemented by Participant P1, a national policy strategist, who
addressed the need for more directive and binding policy tools as a middle-term action

to ensure the adoption of indigenous developed technologies within national industrial
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platforms. Before explicitly proposing policy enforcement, Participant P1 first drew
attention to a persistent reluctance toward indigenous technological developments,

even in national-level programs.

“R&D projects often stay on the shelf. Even for local platforms, designers may

hesitate to use domestically developed systems.”’
(Participant P1, Reluctance to local developments, Industrial Capability &
Localization)

This comment underscores the systemic hesitation to integrate indigenous solutions
into platform development, despite ongoing public investments in research and
innovation. Importantly, the participant's concern extends not only to university-led
R&D but also to outputs developed by newly established firms. In many cases, even
when indigenous technologies are available and technically sound, stakeholders tend
to avoid their integration driven by a preference for long-established foreign suppliers.
In this context, P1 implicitly raised a critical challenge for any new indigenous
producer of honeycomb materials. Although such a firm would likely approach the
problem through R&D-led innovation, there is no guarantee that its output would be
adopted by end-users. This hesitation persists even when the innovation stems from
respected academic institutions, making it even more uncertain how a newcomer with

no established market presence would be received.

According to P1, earlier efforts to promote adoption through encouragement and
incentives have often fallen short. Firms remain reluctant to shift away from familiar
sourcing channels, particularly European suppliers. The participant strongly implied
that, in the absence of binding mechanisms such as mandatory integration or
consequence-based policies. There is little reason to expect voluntary adoption of

indigenously developed technologies.

“We tried encouragement, but now enforcement might be more effective. If
projects aren’t implemented, maybe there should be consequences.”
(Participant P1, Enforcement Needed, Action Items)

By framing this recommendation within a medium-term, the participant underlined

that while short-term investments in research and development are necessary, they

must be coupled with systemic regulatory interventions to trigger meaningful
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industrial transition. Without this alignment, technological readiness and policy
ambitions may fail to translate into real-world outcomes in indigenous capability

development.

These observations suggest that domestic honeycomb material production in Tiirkiye
remains largely limited to conventional aramid-based products, and transitioning
toward thermoset systems will require not only research but also robust policy support
and institutional infrastructure. In this context, the 2024 OTAG report by the
Presidency of Defense Industries (SSB) provides valuable insight into the evolving
R&D landscape. Notably, several sub-technology domains related to honeycomb
systems—such as “Honeycomb Glass—Cyanate Ester” and “Honeycomb Aramid—
Phenolic”—were newly introduced in the 2024 report under the category of Thermoset
Material Technologies, while they were entirely absent in the 2019 version. This
inclusion signals a growing institutional interest in next-generation honeycomb
technologies, reflecting a strategic recognition of their importance in defense and
aerospace applications. However, despite this policy-level orientation, these

developments have not yet translated into scalable domestic production.

This gap between strategic intent and implementation underscores a persistent
challenge in Tiirkiye’s defense innovation ecosystem that how to ensure that emerging
technologies do not remain confined to planning documents or laboratory prototypes.
As emphasized in the literature, honeycomb materials are not merely structural
components, but integrated technologies whose effective use requires alignment across
design, manufacturing, certification, and procurement (Bitzer, 1997; Qi et al., 2021).
While the inclusion of honeycomb-related sub-technologies in the 2024 OTAG report
marks growing institutional interest, it must be supported by a systematic effort to

bridge the research—application divide.

Moreover, it is worth noting that thermoset-based honeycomb systems though
prominent in policy documents may no longer represent the cutting edge of material
innovation. As industry requirements evolve toward multifunctionality, repairability,
and sustainability, rigid material categories like traditional thermosets could prove

insufficient. This point echoes the discussions in Section 4.2.1, where participants
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emphasized the shift toward hybrid geometries, topology-driven material design, and
additive manufacturing as the next frontier in honeycomb development. Rather than
focusing on predefined material classes, future efforts should prioritize custom-
designed architectures that respond to mission-specific performance criteria such as

load distribution, environmental resilience, and lightweight optimization.

4.2.4. Advancing Sustainability through Lightweight

The prioritized future, as defined through the backcasting process, envisions a
medium-term transition toward environmentally friendly design practices and, in the
long term, the establishment of new industrial standards through the widespread
adoption of sustainable honeycomb structures. Central to realizing this trajectory is a
short-term focus on the development of ultra-lightweight yet high-strength composite
materials a foundational step that bridges structural performance with environmental

responsibility.

This connection was emphasized by Participant P5 highlighted the contribution of such
materials to broader sustainability goals, particularly in the aerospace sector where

weight reduction translates directly into fuel efficiency:

“Reducing weight via honeycomb structures lowers fuel use and, indirectly,
CO: emissions.” (Participant P5, Light for less emission, Sustainability)

This comment emphasizes the link between lightweight design and emission
reduction, suggesting that even before sustainability becomes a formal design
parameter, it can be advanced through material engineering choices. This comment
also suggests that, although the use of such materials is not currently a requirement—
particularly in the defense sector they nonetheless offer significant sustainability
benefits. By integrating environmental considerations into structural performance
from the outset, honeycomb technologies inherently support long-term environmental
policy goals.

Building on this, Participant P6 drew attention to the evolving use of thermoplastic
materials in honeycomb structures highlighting their growing association with

sustainability in the field:
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“Actually, thermoplastic materials are being studied for this. If I'm not
mistaken, when we talk about sustainability, one of the first things that comes
to mind is thermoplastic materials.” (Participant P6, Environmental
friendliness, Sustainability)

However, the growing interest in thermoplastic composites has also revealed a critical
industrial gap. Participant P10 highlighted the fact that thermoplastic honeycomb
structures are not currently available in the indigenous market like any other
honeycomb, which significantly limits their integration into fully sustainable sandwich

designs.

“There is currently no thermoplastic honeycomb available in the market,
despite increased interest in thermoplastic composites. We can’t build an
entirely thermoplastic sandwich structure due to this gap.” (Participant P10,
Thermoplastic honeycomb absence, Industrial Capability & Localization)

This absence not only hinders the realization of environmentally friendly
configurations but also reflects a deeper structural weakness in national production
capability. Due to that in the short term this participant proposed an action item during
the foresight process to initiate academic and industrial collaboration around the
development of thermoplastic honeycomb structures focusing on design,

compatibility, and benchmarking.

Building on this foundation, Participant P6 suggested that thermoplastic honeycomb
structures could become available in the medium term. However, she also noted that
recyclability remains a major challenge. Thermoplastics offer potential for both
recyclability and lighter weight, but their integration also introduces new
implementation challenges. As P6 explained, current difficulties in recycling these
materials particularly due to costs and quality constraints limit their widespread

adoption:

“The recycling of these materials involves certain problems. They are
expensive, and it’s difficult to recycle them due to the lack of materials with the
required quality.” (Participant P6, Recycling constraints, Implementation
Challenges)
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This reflects a central paradox in sustainable material innovation. Some materials may
be labeled "green" in theory yet prove difficult to scale sustainably in practice. The
Participant P6 does not stop identifying barriers but proposes a targeted research

direction to overcome them:

“Actually, the recyclability of polymers could be a topic of academic research.
One challenge, for example, is ensuring that the fibers are of the same length
and aligned in the same direction. Technologies that can provide this should
be explored such as robotic technologies that can cut and place them
uniformly.” (Participant P6, Recyclability research need, Action Items)

This insight suggests a mid-term research agenda that moves beyond material selection
to process innovation. Rather than viewing recyclability as an external constraint, P6
frames it as a domain for engineering intervention one where robotics, automation, and

design precision could enable broader environmental outcomes.

Considering these contributions collectively, these perspectives illustrate how short-
term progress in honeycomb material technologies, especially the development of
lightweight yet high-strength composites can create pathways toward longer-term
sustainability goals. In aerospace, reducing weight is not only a matter of performance,
but also a way to lower fuel consumption and carbon emissions. Thermoplastic
composites, meanwhile, are seen as promising candidates for combining structural
efficiency with environmental responsibility. Yet, their integration also reveals key
limitations, from challenges in recycling to the absence of compatible honeycomb
cores. Participants emphasized that these gaps particularly the lack of thermoplastic
honeycomb production need to be addressed through targeted academic and industrial
collaboration. These discussions suggest that sustainability is no longer a distant policy

aim, but a guiding principle for both material design and capability development.
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CHAPTER 5

CONCLUSION AND POLICY RECOMMENDATIONS

This chapter synthesizes the main findings of the study and presents policy
recommendations for advancing honeycomb materials technologies in the defense and
aerospace sectors. It is structured in three sections. The first section outlines the
research process, including the methodological approach and the main outcomes in
relation to the research objectives. The second section provides policy
recommendations derived from the foresight results, highlighting their relevance for
decision making and implementation. The final section discusses the limitations of the

study and offers suggestions for future research.

5.1. Overview Of The Research Process And Main Outcomes

To address the two central research questions, this thesis adopted a sequential mixed-
methods approach, combining exploratory and normative foresight methodologies. In
response to the first research question “What is the prioritized future of honeycomb
materials technologies in the defense and aerospace industries?” a structured foresight
process was designed, beginning with a Futures Wheel workshop. The session was
conducted as a focus group with ten expert participants from academia, industry, and
government, and lasted approximately 120 minutes I used a custom-designed digital
platform that I personally developed for this study. Participants generated a total of 52
foresight statements, which were temporally structured into short-, medium-, and long-
term layers. From these inputs, 10 complete scenario paths (covering short, medium
and long term) were constructed, alongside 12 partial paths (short- and medium-term
only) and 4 stand-alone short-term statements. To prioritize the complete scenario
paths, a multi-criteria evaluation framework was applied based on three criteria:

impact on the future, operational application areas,
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and dual-use potential. The Analytic Hierarchy Process (AHP) was used to derive
weights for each criterion, and a time-weighted scoring system was employed to
account for the increasing strategic relevance of long-term outcomes. As a result of
this analysis, a specific scenario path was identified as the prioritized future. This path
represents a coherent and feasible trajectory for the advancement of honeycomb
materials technologies, characterized by a sequence of developments across time
horizons. In the short term, it envisions the development of ultra-low specific weight
yet high-strength composite honeycomb materials, aimed at enhancing the
performance of aerospace and defense platforms by reducing weight without
compromising structural integrity. In the medium term, the path emphasizes the
widespread adoption of environmentally friendly design principles, including the use
of sustainable and recyclable materials in honeycomb configurations. Finally, in the
long term, the scenario projects the reduction of production costs and the establishment
of new industrial standards through the mainstream adoption of sustainable
honeycomb structures, positioning them as a core component of next-generation

defense and aerospace systems.

In addition to the prioritized scenario, the futures wheel revealed several alternative
futures specifically related to honeycomb material technologies. Some scenario paths
focused on the development of self-healing honeycomb structures, aimed at enhancing
the structural resilience of aerospace and defense platforms and enabling
multifunctionality, such as integrated thermal conductivity and real-time sensing
capabilities. Other futures emphasized advancements in the manufacturing of
honeycomb materials, including the use of additive manufacturing techniques and
innovative bonding methods designed to improve production flexibility, reduce costs,
and eliminate the need for traditional adhesives honeycomb sandwich structures. A
separate group of scenarios highlighted the integration of biobased and recyclable

materials into honeycomb structures.

To answer the second research question “What policies are needed to enable the
realization of this prioritized future?” a second focus group was conducted using the
Backcasting method. Participants worked backward from the prioritized scenario to

identify enabling actions and systemic interventions. This session provided valuable
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insights beyond technical materials development, revealing critical challenges in
academia—industry collaboration, gaps in indigenous R&D and manufacturing
capabilities, and the need for sustainability-oriented innovation. Overall, the combined
use of exploratory and normative foresight methods allowed for both the identification
of a strategic technological trajectory and the formulation of actionable policy

directions tailored to the defense and aerospace context.

To answer the second research question “What policies are needed to enable the
realization of this prioritized future?” a second focus group was conducted using the
Backcasting method. This normative foresight tool enabled participants to assume that
the prioritized future scenario had already been successfully realized and to work
backward to identify the key factors, actors and actions that would have made such a
future possible. The prioritized future in question envisions a progression from the
development of ultra-lightweight, high-strength composite honeycomb materials to
the widespread adoption of environmentally friendly designs, and ultimately to cost
reduction and the establishment of new industrial standards through the integration of

sustainable honeycomb structures.

Grounded in this imagined future state, participants collaboratively mapped out the
enabling conditions, decision points, and coordinated actions needed across short-,
medium-, and long-term time frames. The session was conducted online and facilitated
through a digital whiteboard platform, allowing for interactive engagement and real-
time scenario construction. Participants considered the roles of key actors within the
Triple Helix model, government, industry, and academia, and reflected on both
enablers and systemic barriers. This process not only generated future-oriented policy
recommendations but also revealed persistent systemic challenges. These included
uncoordinated research initiatives, insufficient prototyping infrastructure, and limited
diffusion of sustainability-oriented materials development. A particularly critical gap
identified during the session was the absence of indigenous capability in the
development and production of honeycomb material structures especially those based
on advanced composite technologies. As a result, the Backcasting session produced a
series of policy-relevant insights and actionable suggestions, which are presented in

detail in the following section.
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5.2. Policy Recommendations

The policy recommendations presented in this section extend beyond supporting the
transition from the development of ultra-lightweight, high-strength composite
honeycomb materials to the widespread adoption of environmentally friendly designs.
In addition, they respond broader structural deficiencies revealed during the foresight
process particularly the complete absence of indigenous producers specializing in
composite honeycomb structures and Tiirkiye’s dependence on foreign suppliers in
this materials technology area. This urgent national need forms the basis for the
proposed actions outlined in Table 12, which covers short-term policy

recommendations.

The research outcomes indicate that building national capability in composite
honeycomb technologies should begin with a structured initiative to identify Tiirkiye’s
specific performance and application requirements for aerospace-grade honeycomb
materials, as outlined in Policy 2 of Table 12. In tandem, Policy 1 advocates publicly
funded R&D programs for universities and research laboratories to support the
development of thermoplastic-based honeycomb structures compatible with modern
composite systems. Since no domestic manufacturer currently exists, Policy 4 in the
same table calls for direct public support to establish indigenous production
capabilities from the ground up. These efforts would be complemented by the
exploration of advanced geometry and topology variations in honeycomb design,
promoted under Policy 3, to increase design flexibility and adaptability for various

aerospace applications.

Moving into the medium term, the emphasis shifts to bridging the research-to-industry
gap and consolidating infrastructure, as detailed in Table 13. Policy 7 recommends
transitioning university-developed thermoplastic honeycomb materials into industrial
prototypes through structured validation programs, while Policy 5 focuses on the
creation of domestic simulation tools to assess performance prior to production.
Enhancing sustainability is another key priority according to the prioritized future. In
this context Policy 6 proposes applied research on recycling and robotic manufacturing

technologies to increase the efficiency and eco-compatibility of thermoplastic
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honeycombs. To ensure that public R&D investments yield practical returns, Policy 8
calls for the enforcement of mechanisms that mandate the use of domestic innovations

in defense procurement and related industrial applications.

Institutional coordination is addressed through Policy 9, which recommends the
creation of national centers of excellence in honeycomb technologies to unify the
efforts of government, academia, and industry. These centers would be instrumental
in implementing other key policies such as Policy 10, which outlines the need for a
national database and material catalog to enhance industrial usage and export potential.
Moreover, Policy 11 proposes benchmarking and standardization frameworks to
facilitate verification and open data access, helping to systematize development efforts

across the sector.

Looking ahead to the long term, the focus shifts toward sustaining technological
development while enhancing the functional capabilities of lightweight and high-
strength honeycomb materials, as described in Table 14.Policy 12 supports the
development of adaptive 3D lattice structures tailored to specific load conditions,
while Policy 13 addresses the need for certification procedures to validate long-term
performance. A long-term policy focus is placed on expanding the functional scope of
honeycomb materials, Policy 14 encourages the development of honeycomb materials
with integrated sound isolation properties. In terms of sustainability, Policy 15
recommends embedding lifecycle and environmental impact metrics into the design,
testing, and certification of defense-related materials. Finally, Policy 16 calls for the
establishment of a centralized digital infrastructure, supported by national centers of
excellence, to enable efficient simulation, data sharing, and certification processes in

honeycomb materials technologies.

Taken together, these policy recommendations offer a coordinated strategy that aligns
with the prioritized future scenario identified in this thesis. They are intended to
support the development of national capabilities in composite honeycomb
technologies and contribute to reducing Tirkiye’s dependency in this strategically

important area of aerospace and defense materials.
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In this context, following the completion of my study, I proposed a set of targeted
policy actions to the relevant units within a leading aerospace and defense firm. These
actions were designed to serve two distinct but complementary purposes: to inform the
company's long-term technology roadmap and to support the planning of future
university—industry collaboration efforts. The technology roadmap, conceptualized as
a structured planning tool, connects the firm’s evolving technological capabilities with
its strategic goals, while also responding to dynamic external conditions (Phaal et al.,
2004). Within this framework, the roadmap recognizes the firm’s advanced in-house
technological infrastructure as a strategic asset. At the same time, it provides a
structured basis for initiating external collaborations when necessary either through

formal partnerships or targeted project engagements.

Within the technology roadmap proposals, developing thermoplastic honeycomb
materials compatible with composite systems which is aligned with Policy 1 was
positioned as an early-stage opportunity. This topic could be initiated through the
firm’s own infrastructure and testing capabilities. Likewise, Policy 7 was also mapped
onto the emphasizing the industrial transition of university-developed thermoplastic
honeycomb prototypes through structured validation programs. This topic was framed
could be academically initiated but piloted and adapted within the company’s

advanced R&D environment.

In parallel, several topics were identified as more suitable for collaborative research
projects between the firm and external academic or research institutions. These include
the integration of sound-isolation features into honeycomb structures (Policy 14), the
geometric and topological diversification of honeycomb design (Policy 3), and efforts
to improve recyclability and introduce robotic manufacturing processes (Policy 6).
These areas represent long-term innovation potentials that would benefit from
academic leadership, while leveraging the firm’s experimental infrastructure for

validation and application.

Together, these proposals were submitted to the company for internal evaluation and

constitute a concrete outcome of this research.
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Table 12. Policy Proposals for the Short Term (0—5 Years) in Tiirkiye

Potential
No Policy Problem Method (How) Policy Instrument Responsible Metric Time Frame
Actor
Public R&D support should Igcqmpatlblhty of Selection of compatible _
be directed toward the existing honeycomb . . .. TP honeycomb materials
TP resin system, cell . Universities, : .
development of structures (e.g., Nomex) . Publicly funded R&D demonstrating mechanical and
. . . geometry design and : o research .
1 thermoplastic (TP) with TP composites; AN projects within . environmental performance at Short term
. optimization, L laboratories (early .
honeycomb materials lack of TP-based . priority research areas least equivalent to Nomex®
; X . . prototyping, structural stage)
compatible with composite honeycomb in the tests under same gsm and geometry
systems. market
Defense industry . L
stakeholders should Highly specific material Con@uctmg application
) . . . specific needs analyses, . .
coordinate the systematic requirements in identifying structural Demand and need Defense indust Number of identified usage
2 identification of aerospace and defense 2 based R&D steering y scenarios; published Short term
. . and environmental . firms .
application-specific fields; unclear or ) . mechanisms requirement documents
. requirements for flight
requirements for aerospace undocumented needs
. platforms
honeycomb materials.
Public research initiatives Hybrid design trials
should focus on the Limited design varying geometry, cell .
geometric and topological flexibility of classic orientation, stacking, | Publicly funded R&D Universities, Number of layout varlz.mt.s
. . ) ) . : s developed; prototype variations
3 diversification of honeycomb structures; and density gradients; projects within research . Short term
.. . L . tested; number of published
honeycomb structures to lack of adaptability to screening tests to priority research areas laboratories .
. o . . . . patents/articles
enhance their adaptability various applications determine optimal
across different platforms. structures
Public support should be . lden‘gfymg ne.:eds e}nd Ministry of
. Lack of domestic firms | technical specifications
provided to encourage the . . Industry and . .
. with production of firms currently Sectoral needs Increase in number of domestic
establishment of . . . . - . . Technology, . .
4 | . experience in aerospace- | importing honeycombs; | analysis and incentive P producers; decrease in foreign Short term
indegenous manufacturers o . TUBITAK,
grade honeycomb defining lightweight support programs dependency
of aerospace-grade - Defense Industry
. materials and durable honeycomb
honeycomb materials. targets Agency (SSB)

Source: Author
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Table 13. Policy Proposals for the Medium Term (5-10 Years) in Tiirkiye

No Policy Problem Method (How) Policy Instrument Potent1ai§i1p0n51ble Metric Time Frame
Public funding should be
. all_ocated to d.e veldl Lack of simulation | Designing domestic R Number of simulation tools
simulation tools tailored to the . . R&D support programs, | Universities, research . .
5 . prior to production software and . - R developed; adoption rate by | Medium term
structural and functional needs - . . software incentives labs, TUBITAK .
to assess usability | simulation programs industry
of aerospace and defense
applications.
Applied research programs
should be initiated to improve Limited . . Public R&D funds, R Increase in recyclable
- S Applied research in s Universities, research . ]
the recyclability of sustainability and . . TUBITAK programs, composites rate; number of .
6 . . materials science and . . centers, tech transfer . Medium term
thermoplastic honeycomb efficiency of TP- . university-industry prototypes; academic
. . robotics . offices o
materials and develop robotic | based honeycombs collaborations publications
production technologies.
Umversﬂy-developed Lack of integration Tech transfer
thermoplastic honeycomb . . Tech transfer support
. of academic protocols, material s . Successful field-tested
materials should be s o (TUBITAK 1505, Industrial firms, TTOs, | . . . .
7 .. o materials into validation, . o industrial prototype; reaching | Medium term
transitioned into industry . . KOSGEB), clustering | university R&D centers
. industry; prototyping, field . . TRL>6
through structured prototyping rototvbine ea testin incentives
and field validation programs. P yping gap &
Enforcement mechanisms . . .
. Public R&D results Implementation Regulatory adjustments .
should be implemented to . . . . Ratio of
. not implemented; tracking systems, with mandatory Public defense - .
ensure that publicly funded ) Lo R commercialized/implemented .
8 . domestic institutional application; procurement and . Medium term
R&D outputs are integrated o - . R national R&D outputs; local
. - capabilities accountability and | performance evaluation oversight institutions . . .
into national defense and . . content in public projects
neglected sanction mechanisms system

industrial platforms.

Source: Author
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Table 13. (continued)

Centers of excellence

dedicated i Number of centers
honeycomb matc?rlals Weak collaborgtlon Establishment of joint | Government-funded R&D SSB, TUBITAK, founded: .
should be established between academia and R&D platforms and multi- . "y . Medium
9 . o . center programs, universities, defense | workshops/presentations
to foster cross-sectoral industry; insufficient stakeholder governance . . . term
. A cooperation protocols companies held; joint
collaboration and shared infrastructure structures ublications/patents
shared R&D p p
infrastructure.
A national database
and catalog system
should be developeq to Lack of detailed technical Data collection and . Number of catalogs; .
document and classify ) . . L. R&D support; infrastructure s export performance; Medium
10 . catalogs; export potential classification in . SSB, TUBITAK, MoD . .
domestically produced > : . investment for data systems industrial usage of term
. not realized due to data gap | cooperation with test labs
honeycomb materials catalog data
for industrial usage and
export.
Benchmarking and
standardization
protocols should be No standard test & data Open data infrastructure, Development of Validated certification
. ] . . . . TSE, regulators, ) . . .
1 created for honeycomb sharing infrastructure; shared verification certification processes, open industry consortia protocols; public lattice- Medium
and lattice structures, | fragmented and closed data | systems, benchmarking platforms, performance- ? honeycomb comparison term

supported by open data
and shared verification
systems.

environment

lattice with honeycomb

based evaluations

R&D institutions

datasets
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Table 14. Policy Proposals for the Long Term (10+ Years) in Tiirkiye

q . Potential . Time
No Policy Problem Method (How) Policy Instrument Responsible Actor Metric Frame
PubligiEoel) programs priould Lack of performance | Advanced computational Public R&D funding Un1ver.51t1es_ (esp.
support the design of advanced 3D . . ; g engineering TRL level of developed
h under variable loads; material design, (e.g., TUBITAK), : .
12 lattice structures that are adaptable . . . = faculties), research lattices; strength-to- Long term
. need for platform- simulation, testing, university-industry S . .
to platform-specific load . R . . institutes, defense | weight ratios; test results
o specific optimization prototyping consortia .
conditions. industry
Nationally validated verification Sector-validated . . .
. . New national test - Number of verification
procedures should be developed to | Need for long-term verification systems Ministry of Industry,
. . e . . standards, regulatory g protocols developed;
13 | certify the long-term performance | impact and reliability covering mechanical, - SSB, TUBITAK, test | . . Long term
L . frameworks, technical industry adoption rate;
and reliability of honeycomb assurance environmental, and Sy labs o
. . guidelines global recognition
materials. operational tests
-isolating h Lack of . . .
Souqd isolating honeycomb cackot Integration of acoustics Collaborative R&D . . .. .
14 materials should be developed multifunctionality; and material science: funds. TUBITAK Universities, Acoustic isolation
through the integration of acoustic current structures . . L ? research centers, ratings; number of Long term
L . . multifunctional design support, defense ) ;
properties into structural material optimized for S . . defense companies functions; IP count
. . principles innovation grants
design. compressive load only
Sustainability standards should be . . National sustainability Compliance rate with
. . . . Lifecycle analysis . ..
systematically incorporated into Lack of systemic . . . strategies, SSB, Ministry of net-zero goals;
. . o integration into design and . . . .
15 | the development and certification | sustainability approach . . environmental Environment, environmental impact | Long term
. . . production; environmental ) L .
processes of honeycomb materials in defense industry KPls regulations, green Ministry of Industry | reports; green-certified
in the defense sector. compliance schemes companies
A centralized digital infrastructure Uncoordinated Centralized data Creation of a National ) S_SB, TSE, Number of databases;
16 should be created for managing | simulation/certification collection; common Defense Materials TUBITAK, MoD, | standardized honeycomb Lone term
certification and simulation data &

within national excellence centers.

systems; lack of
unified infrastructure

standards and digital
sharing infrastructure

Database; joint
certification schemes

universities, defense
firms

types; usage in defense
projects




5.3. Limitations And Suggestions For Future Research

This thesis presents a structured foresight methodology centered on honeycomb
material technologies, emphasizing their strategic role in the defense and aerospace
sectors as a representative case of advanced materials technologies. While the
framework provides a novel combination of participatory scenario development and
prioritization, certain limitations must be acknowledged to better contextualize the

results and guide their interpretation.

A primary methodological limitation of the study stems from the treatment of scenario
paths within the prioritization framework. Although the foresight process successfully
generated multiple scenario paths each structured across short-, medium-, and long-
term horizons and internally coherent the analysis focused on only one prioritized
pathway for the application of the Backcasting method. I made this decision primarily
to ensure the manageability of the thesis and to allow for in-depth qualitative
exploration within a limited scope. However, this focus necessarily limited the
investigation of other scenario paths, which may reflect equally plausible but
strategically distinct futures. In rapidly evolving technological domains such as
materials technologies, excluding these alternatives risks overlooking critical
developments or divergent strategic trajectories. In addition, the study adopted a strict
inclusion criterion that required scenario chains to include all three-time horizons
(short-, medium-, and long-term) to be considered for prioritization and further
analysis. While this rule supported structural consistency, it led to the systematic
exclusion of foresight statements that existed only in the short or medium term. Such
partial but potentially meaningful futures may have captured incremental innovations,
weak signals, or disruptive developments that do not yet form a complete scenario
chain but are still of strategic relevance. Together, the narrowing of focus to a single
pathway and the exclusion of non-complete scenarios reduced the breadth of futures
explored. While these methodological choices were justified by the need for analytical
depth and feasibility within the thesis framework, they also represent a limitation in

terms of scenario inclusivity and comprehensiveness.

Another significant constraint encountered during the study was related to the

composition of focus group participants. Although at least one participant represented
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each actor of the Triple Helix model ,government, industry, and academia, the overall
composition leaned heavily toward industry professionals. This imbalance, despite
deliberate design choices to ensure diversity, may have led to foresight outcomes that
reflect more practice-oriented and engineering-focused viewpoints. To mitigate the
effect of this imbalance, the sessions were conducted with a structured facilitation
approach aimed at ensuring equal participation, balancing dominant voices, and
encouraging contributions from underrepresented perspectives. Nevertheless, the
underrepresentation of policy and academic voices may have limited the depth of long-
term strategic thinking in the discussions, leaving certain broader implications

underexplored.

Another notable limitation relates to the use of patent analysis as a key validation step
in the early phase of the study. Although patent data offer a structured and empirical
way to trace technological relevance, they tend to miss innovations that have not yet
entered the patenting process—particularly early-stage research, informal knowledge,
or experimental developments. This gap is especially relevant in fast-moving and
interdisciplinary fields like advanced materials, where valuable insights and
breakthroughs may not be formally documented or may emerge outside traditional

intellectual property systems.

Despite these limitations, the thesis establishes a strong foundation for future research
by integrating foresight and prioritization methodologies in a novel and
complementary manner. Its methodological design offers significant value not only to
scholars working in Multi-Criteria Decision Making (MCDM) but also to researchers
in futures studies and foresight. By bridging scenario-based thinking with structured
evaluation techniques, the study provides a robust framework that can inform both
theoretical inquiry and applied foresight practices. Building on this foundation, I

identified several directions for further research.

One immediate opportunity for future studies lies in expanding the scope of analysis
to include not only the single prioritized scenario pathway but also the additional
scenario chains that were generated during the Futures Wheel process but ultimately

excluded from the Backcasting phase. These alternative paths, while not ranked
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highest in the initial evaluation may still embody distinct possibilities or reflect critical
dimensions of future technological developments that were underrepresented in the
dominant narrative. By revisiting and systematically analyzing these secondary or
lower-priority scenarios, researchers could uncover disruptive possibilities or sector-
specific concerns that were overshadowed by the most consensus-driven future. This
expanded lens would contribute to a more pluralistic understanding of how honeycomb
materials and by extension, other advanced materials technologies might influence the

future of defense and aerospace in diverse ways.

Moreover, future research could also benefit from developing an enhanced
prioritization model that allows for the inclusion of incomplete scenario chains that
contain only short- or medium-term nodes and lack a full temporal progression across
the long-term horizon. While these partial scenarios were excluded in the current study
to maintain methodological coherence, they may still offer important insights into
incremental developments, near-future inflection points, or transitional innovations
that play a decisive role in shaping long-term strategic trajectories. A revised
framework that accommodates these incomplete but thematically significant foresight
statements would allow for a more nuanced mapping of possible futures. Such a
methodological evolution would not only improve the inclusiveness of the analysis but

also help capture a wider array of technological signals and policy challenges.

Furthermore, the study's prioritization process, which combined Analytic Hierarchy
Process (AHP) with temporal weighting, proved robust overall, yet demonstrated
limitations that suggest the need for methodological enhancements. In cases where
multiple paths received identical final scores, the need for complementary evaluation
tools became evident. In cases where multiple paths received identical final scores, the
need for complementary evaluation tools became evident. Future research might
explore hybrid or dynamic weighting models for example, those that factor in scenario
complexity or uncertainty levels to provide finer differentiation between close-ranking

scenarios.

Another future research direction for advancement involves integrating advanced
computational methods such as fuzzy logic, machine learning, or Bayesian inference

into the foresight process. These tools can help manage ambiguity, model scenario
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evolution over time, and introduce real-time adaptability into prioritization algorithms.
Such capabilities are particularly relevant for high-stakes, high-uncertainty sectors like
defense and aerospace, where rapid technological change is the norm. In addition,
future studies could experiment with replacing or complementing human expert
groups with artificial intelligence systems, posing the same foresight questions to
different Al models (e.g., comparing the outputs of DeepSeek Al and OpenAl). Such
comparative exercises would not only test the methodological robustness of the
suggested foresight framework when applied through Al but also provide insights into
how Al perspectives converge with or diverge from domain experts, as well as how
the perspectives of different Al tools themselves may change across models or over

time.

Also worth investigating is how participant profiles such as professional background
or institutional affiliation influence the type and orientation of foresight outputs.
Observations from this study suggest that the technical depth and strategic scope of
foresight statements often reflect participants’ roles in the future view. Systematically
analyzing these differences could help refine facilitation strategies, increase
methodological transparency, and allow for more targeted synthesis of stakeholder

insights.

Finally, comparative studies across national or sectoral contexts could test the
adaptability of this foresight methodology. Applying it within different innovation
ecosystems for example, in countries with varying levels of defense R&D capacity or
different cultural approaches to long-term planning would offer insights into the
universal and context-specific elements of technology foresight. Moreover,
embedding foresight exercises directly into live policy or R&D programs could enable
feedback mechanisms, allowing the ongoing evaluation of whether prioritized
scenarios are materializing as expected, and whether policy measures are having the

intended effects.

In sum, while this thesis offers a focused case study on honeycomb materials in the
defense and aerospace sectors, its broader value lies in the novel methodological

framework it introduces combining Futures Wheel with a structured prioritization

117



model supported by an interactive digital tool. The integration of foresight and
decision-making tools provides a foundation not only for academic researchers in
Multi-Criteria Decision Making (MCDM) and futures studies, but also for institutions
aiming to adopt future-oriented planning practices. By demonstrating how scenarios
can be prioritized and translating foresight statements into concrete and actionable
policy suggestions, this thesis contributes to the development of more resilient,
adaptive, and informed policy-making structures. Its methodology is adaptable across
technological domains and scalable through digital platforms, making it a practical

framework for both scholarly research and institutional foresight effort.
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APPENDICES

A. NOTATION SUMMARY FOR AHP METHOD

Symbol / Term |Meaning

A Pairwise comparison
matrix
Relative importance of

3 criterionj overj
Diagonal values;

aj =1 importance of criterion
with itself

w; Priority weight
(importance score) for
criterion i

Amax Maximum eigenvalue of
matrix AA

CI Consistency Index

RI Random Consistency
Index (table-provided)

CR Consistency Ratio, i.e.,
CIRI\frac{CI}{RI}

w;" Weight assigned to
criterion i by expert k

m Number of experts

n Number of criteria

w rermalized Final normalized weight
for criterioni

141



B. METU HUMAN SUBJECTS ETHICS COMMITTEE APPROVAL

LETTER
WYYESLAMALL £¥5 AGAVEPIIVS MI0 83 OAYA DOGU TERNIK UMIVERSITES)
A E——— MIDOLE EAST TECHNICAL UNIVERSITY
12 MAYIS 2025
Konu : Degeriendinme Sonoce
Ginderen  -ODTU Insan Arastrmalan ik Keuly
gl Loy Arsgtarmadian E1ik Pagverums

Suyin Prof. Dr. Mehunet Teoman Panidyu,
Swmyin God Beyza Kocemay,

"Saveoma ve hwvachk snayisode gelecege yooodik daginl remelli poliika
pelsinne: Bapewdl malaome tknolojisl Omoei™ baghkd masuomanie ODTU bnsan
Angtmalan Bk Keuls tsrafindin uygun géetlerss 021 1-0DTOIAEK- 2008 rotokal
numanast o oney Ll

Bilgileriaine mmaren
Prof, Dy, §. 1583 TURAN
Ragan
J WATILARADY
Prob v, L Semth AKCOMAK Doy, Dr. All Emwe TURCGLY
Oye Dye
ATILADY
Dog. Dr. Ask Kilig OZHAN Dog. De, Muse Perk CAKIR
Oye Oye
Doy, Dy, Duygu SARISOY v, Or, Oyesi Mige GONDDZ
Uyv Ove
(bondiy

142



C. INTERVIEW GUIDE FOR BACKCASTING FOCUS GROUP

Questions (asked directly to

Phase Focus Question Theme participants)
. Why is the realization of this future
Understanding L 0
1| the prioritized Importanpe; ofthe |vision 1mpor.tant. o
Future Vision What potential benefits could it bring
path for the aerospace and defense sectors?
Are there any existing initiatives or
. Current State & efforts that support this future vision
Understading
2 the needs Problfa . today? . )

Identification What are the main barriers currently
preventing progress toward this future?
What concrete actions should be taken
in the short term to enable this
prioritized future and address the

3 Short-Term Actions | identified problems?

(0-5 years) (Please provide your suggestions
separately for each of the following
stakeholders: Academia, Industry,

Backcasting- and Government.)
based policy After initial steps are taken, what
development Medium-T actions should be implemented in the
4 in the context A et. tum- 5_6%1 medium term? (Please provide your
of the Triple ctions (. suggestions separately for each of the
Helix model. |76’ following stakeholders: Academia,
Industry, and Government.)
What actions should be implemented
. in the long term? (Please provide your
5 Long-Term Actions suggestions separately for each of the

(10+ years)

following stakeholders: Academia,
Industry, and Government.)
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D. BACKCASTING CANVAS TEMPLATE (MIRO BOARD)
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E. FINAL VERSION OF BACKCASTING CANVAS (MIRO BOARD)
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F. TURKISH SUMMARY / TURKCE OZET

Teknolojik gelismelerin hizla ilerledigi savunma ve havacilik sanayisinde, uzun vadeli
kararlarin yalnizca bugiinkii teknolojiye degil, gelecekteki potansiyel gelismelere de
dayanmasi gerekir. Bu nedenle 6ngorii temelli yontemler, uzun vadeli planlamada
giderek daha 6nemli hale gelmektedir. Bu tez, savunma ve havacilik sanayisinde
yiiksek Oneme sahip malzeme teknolojilerinden biri olan balpetegi yapili
kompozitlerin gelecegini Ongdriiye dayali senaryo gelistirme ve politika {iretme
stirecleri araciligiyla incelemekte, Tirkiye’nin uzun vadeli planlama ekosistemine
katki saglayabilecek ©Ongorii temelli bir yontemsel karar verme siireci ortaya
koymaktadir. Tez, balpetegi malzemelerini bir vaka ¢alismasi olarak ele almaktadir.
Bu yaklagim, savunma ve havacilik sanayiinde uzun vadeli planlama baglaminda pek

cok farkli konuda uygulama alan1 bulabilecek niteliktedir.

Malzeme bilimi, tarihsel olarak teknolojik yeniliklerin en kritik alanlarindan birini
temsil etmis, savunma ve havacilik sektorleri ise bu gelismelerin onciisti olmustur.
Ozellikle agirlik azaltma, dayanim artirma ve siirdiiriilebilirlik gibi performans
Olctitleri, savunma platformlarinin rekabet giicilinii belirleyen baslica unsurlar arasinda
sayllmaktadir. Bu baglamda, ileri malzeme teknolojilerinin 6nemli bir Grnegini
olusturan balpetegi malzeme teknolojisi, sunduklar1 avantajlar sayesinde havacilik ve
savunma sanayinde giderek artan bir 6neme sahip olmus, ayn1 zamanda hem askeri
hem de sivil uygulamalarda cift kullanimli potansiyelleriyle 6ne ¢ikmistir. Dogadan
ilham alan altigen geometrileri sayesinde yiiksek dayanimi diisiik agirlikla birlestiren
bu yapilar, yalnizca ugak govdesi ve kanat panellerinde degil, zirh sistemlerinde enerji
emme kapasiteleriyle de kullanilmaktadir (Qi et al., 2021). Bu 6zellikleri, balpetegi
malzemelerini gelecegin savunma platformlarinda kritik bir bilesen haline

getirmektedir.

Tiirkiye 6zelinde, ileri malzeme alaninda son yillarda yerli iiretim kabiliyetlerinin

giiclendirilmesi ve disa bagimliligin azaltilmasina yonelik 6nemli adimlar atilmistir.
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Ornegin, TUBITAK in yo6nlendirdigi arastirma projeleri ve ASELSAN, TUSAS,
Roketsan gibi kurumlarin kurdugu Ar-Ge merkezleri, yerli karbon fiber ve polimer
matrisli kompozitlerin gelistirilmesini stratejik bir hedef haline getirmistir. Ayrica,
Savunma Sanayii Baskanligi’'nin (SSB, 2024) vizyon raporlarinda, balpetegi
cekirdekli(core) kompozitlerin yerli sistemlerde kullanilmasinin kritik oncelikler
arasinda oldugu agikca vurgulanmaktadir. Ancak, savunma sanayiinde kullanilan ileri
malzemeler konusunda wuzun vadeli, Ongorii temelli politika gelistirme
uygulamalarinin siirlt kaldigi goriilmektedir. Bu eksiklik, gelecege yonelik teknolojik
yol haritalarinin olusturulmasini1 zorlastirmakta ve karar alicilarin ¢ogunlukla kisa
vadeli ihtiyaglara odaklanmasia neden olmaktadir. Iste bu noktada tez, s6z konusu
boslugu ele almakta; yapilandirilmis bir 6ngorii metodolojisi ortaya koyarak savunma
sanayiinde yenilik¢i bir politika gelistirme yaklasimi sunmaktadir. Boylelikle, belirsiz
bir gelecekte karar almak isteyen politika yapicilara uygulanabilir bir yontem
onerilmekte; ayn1 zamanda Tiirkiye’nin savunma planlama ekosisteminde uzun vadeli

Ongoriiye dayali yaklasimlarin gelisimine katkida bulunmaktadir.

Bu ¢ercevede, tezin amaci balpetegi malzemelerinin Tiirkiye savunma ve havacilik
sektoriindeki gelecegini belirlemek ve bu gelecek senaryolarinin gerceklesmesini
destekleyecek politika Onerileri gelistirmektir. Bu dogrultuda iki temel arastirma
sorusu formiile edilmistir: (1) Balpetegi malzeme teknolojilerinin savunma ve
havacilik sanayisindeki oncelikli gelecegi nedir? (2) Bu gelecegin gerceklesmesini
saglamak i¢in hangi politika araclar1 gereklidir? Arastirma siirecinde bu sorulara yanit
aramak iizere kesifsel ve normatif yaklasimlar bir arada kullamilmistir. Oncelikle
mevcut egilimler ve teknolojik gelismelerin yoniinii anlamaya yonelik kesifsel
analizler yapilmig, ardindan arzulanan gelecege ulasmak i¢in bugilinden atilmasi

gereken adimlar normatif olarak tartisilmistir.

Arastirma sorulari ile uyumlu olacak sekilde, hem nicel hem de nitel teknikleri igeren
karma yontem yaklagimi benimsenmistir. Bu yaklagim, nitel bulgularin nicel olarak
Olctilebilir hale gelmesini, sayisal verilerin baglamsal anlayisla zenginlestirilmesini,
tekil yontemlerin goézden kacirabilecegi farkli agilardan arastirma sorularinin ele
alinmasin ve elde edilen sonuglarin hem giivenilirliginin hem de uygulanabilirliginin

artirtlmasini saglamaktadir (Creswell, 2022). Yontemsel ilerleme 6zellikle 6ngdriiniin
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ikili dogasin1 yansitacak bigimde kurgulanmistir: olasi1 gelecekleri kesfetmek (kesifsel)
ve arzu edilen bir sonuca ulasmak icin gerekli politika onerilerini belirlemek
(normatif). Bu dogrultuda, kesifsel ve normatif yontemlerin bir araya getirilmesiyle
politika yapimina yonelik “eyleme doniistiiriilebilir bilgi” liretilmesi amaglanmaktadir
(Popper, 2008). Eyleme dondistiiriilebilir bilgi uzman yargisina, yapilandirilmis 6ngdrii
ciktilar1 ile dnceliklendirilmis gelecek senaryolarina dayanan ve karar alicilara somut

yol gosterici nitelikte politika ile ilgili iggoriiler anlamina gelmektedir.

Kesifsel asamada Futures Wheel (Gelecekler Cark1) yontemi kullanilmistir. Jerome C.
Glenn tarafindan 1971°de gelistirilen Gelecekler Carki, belirli bir olay veya teknolojik
gelismenin dogrudan ve dolayl etkilerini sistematik bi¢cimde haritalandirmaya yarayan
gorsel ve analitik bir tekniktir (Glenn, 2009). Literatiirde, bu yontemin ¢ok katmanli
sonuclart gorsellestirmedeki giicii sayesinde senaryo kurgulamada ve politika
stireclerinde yaygin olarak kullanildig1 vurgulanmaktadir (Slaughter, 1996; Bengston,
2016). Ayrica, NATO (2017) ve Birlesmis Milletler gibi uluslararas1 kurumlarin resmi
Ongorii arag setlerine dahil edilerek stratejik karar siireglerinde uygulanmasi, yontemin
politika olusturmada degerini gostermektedir. Bu tez kapsaminda Gelecekler Carki,
balpetegi malzemelerinin savunma ve havacilik sanayiindeki muhtemel etkilerini
sistematik bicimde ortaya koymak ve alternatif gelecek patikalari insa etmek amaciyla

tercih edilmistir.

Normatif asamada ise Backcasting (Tersgorii) yontemi uygulanmistir. John B.
Robinson tarafindan 1980’lerde enerji politikalariin sekillendirilmesinde kullanilan
bir planlama yaklagimi olarak tanimlanan Tersgorii, arzu edilen bir gelecek durumdan
geriye dogru hareket ederek bu gelecege ulasmak i¢in gerekli adimlar1 ve politika
araclarini belirlemeye odaklanmaktadir (Robinson, 1982; Dreborg, 1996). Literatiirde,
stirdiiriilebilirlik, sehircilik ve teknoloji politikalarinda uzun vadeli doniistimleri
tasarlamak i¢in siklikla bagvuruldugu belirtilmektedir (Wilson et al., 2006; Bengston
et al., 2020). Bu baglamda, tezde onceliklendirilen gelecek patikasina ulagmak igin
gerekli politika Onerilerinin gelistirilmesi amaciyla Tersgdrii yontemi kullanilmis,
boylece normatif vizyonun kisa, orta ve uzun vadeli eylemlerle nasil hayata

gecirilebilecegi sistematik bicimde incelenmistir.
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Arastirma tasariminin metodolojik akisi, 6ngorii yaklasimini destekleyecek sekilde
yapilandirilmigtir. Bu kapsamda, vaka se¢imini dogrulamak amaciyla girdi agamasi
niteliginde bir patent analizi ger¢eklestirilmis ve elde edilen bulgular sonraki
asamalara girdi saglayan bir dogrulama adimi olarak kurgulanmistir. Analiz, balpetegi
yapilt malzemelerle ilgili son on yilda alinmis yiizlerce patenti incelemis ve bu
alandaki yeniliklerin halen giiclii bicimde devam ettigini gostermistir. Ozellikle 2005
sonrasi hizla artan basvurular, balpetegi teknolojilerinin havacilik ve savunma
sektorleri i¢in yalnizca gegmiste degil, giiniimiizde ve gelecekte de stratejik onem
tagidigin1 ortaya koymustur. Boylece, balpetegi yapilarinin tez kapsaminda vaka

olarak secilmesi hem literatiir hem de giincel teknoloji egilimleriyle desteklenmistir.

Birinci temel asamada Gelecekler Carki yontemi uygulanmis ve bu siire¢ ii¢ alt

asamada kurgulanmistir.

[lk alt adimda, balpetegi malzemelerinin gelecegini degerlendirmek iizere ¢ok kriterli
bir degerlendirme gelistirilmistir. Bu cergevede kriterler, literatiir taramasi, uzman
goriisleri ve savunma-havacilik sektoriiniin stratejik oncelikleri dikkate alinarak
belirlenmistir. Ozellikle “gelecege etki diizeyi”, “operasyonel uygulama alanlar1” ve
“cift kullaniml1 potansiyel” gibi kriterler 6n plana cikarilmigtir. Bu kriterler hem
teknolojik yeniliklerin somut etkilerini hem de sektorler aras1 gegiskenligi dlgmeye

imkan tantyacak bi¢imde yapilandirilmistir.

Ikinci alt adimda, Gelecekler Carki ¢iktilarinin sistematik bicimde ele alinabilmesi i¢in
bir puanlama ve patika degerlendirme yontemi kurgulanmistir. Bu asamada amac,
odak grup oturumunda fretilen ¢ok sayida Ongorii ifadesinin hangi cercevede
degerlendirilecegini belirlemek ve sonraki analizlere metodolojik bir tutarlilik
kazandirmaktir. Bu kapsamda, ongorii ifadelerinin degerlendirilmesinde kullanilacak
kriter seti ile bu kriterlere nasil agirlik verilecegi dnceden tasarlanmistir. Ozellikle,
alan uzmanlarindan toplanacak puanlarin Analitik Hiyerarsi Siireci (AHP) yontemiyle
hesaplanan kriter agirliklariyla birlestirilmesi planlanmistir. Ayrica, dngdriilerin kisa
(0=5 yil), orta (5-10 yil) ve uzun vadeli (10+ yil) zaman ufuklarina dagilimi da
metodun i¢ine dahil edilerek, gelecek patikalarinin hem iceriksel hem de zamansal

boyutta dengeli bigimde ele alinmasi saglanmistir. Boylelikle bu alt adim, Gelecekler
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Carki ¢iktilarinin yalnizca nitel bir betimleme olmaktan ¢ikip sistematik bir ¢erceve

icinde degerlendirilebilmesine yonelik bir yontemsel altyap1 olusturmustur.

Ucgiincii alt adimda, Gelecekler Carki odak grup calismasi gergeklestirilmistir. Bu
calisma, Triple Helix (Uclii Sarmal) Modeli cercevesinde sanayi, kamu ve akademi
temsilcilerinin bir araya getirilmesiyle ¢cok aktdrlii bir 6ngorii siirecinin yiiriitiilmesini
saglamistir. Bu asama ayni1 zamanda, ikinci adimda kurgulanan metodun verilerle
biitlinlestirilmesini miimkiin kilmistir. Cevrimigi olarak gerceklestirilen oturumda, bu
yontem igin Ozel olarak gelistirilen bir web arayiizii kullanilmistir. Katilimeilar bu
arayiiz tizerinden belirlenen kriterlere gore Ongdrii ifadelerini puanlamis, farkli
perspektiflerini siirece yansitarak mantiksal biitiinliik i¢inde gelecek patikalarinin
sekillendirilmesine katkida bulunmustur. Burada kullanilan arayiiz, yalnizca bu
calismaya 0zgii bir uygulama degil, ayn1 zamanda benzer ongorii siireglerinde de
kolayca uyarlanabilecek nitelikte bir ara¢ olarak tasarlanmistir. Oturum sonunda
toplam 52 o6ngdrii ifadesi iiretilmis; bu ifadeler kisa, orta ve uzun vadeli zaman
ufuklarina yerlestirilerek 10 tam gelecek patikasina doniistiiriilmiistiir. ilk ve ikinci alt
adimda olusturulan metodoloji ile tiglincii alt adimda elde edilen bilgilerin analiz
edilmesi sonucunda patikalar arasinda en yliksek oncelige sahip patika belirlenmis ve
boylece Gelecekler Carki asamasi, arastirmanin ikinci agamasi olan Tersgorii slirecine

dogrudan girdi saglayan somut bir ¢iktiyla tamamlanmstir.

[k temel asama olan Gelecekler Carki asamasi sonucunda kisa vadede ultra hafif ve
yiiksek dayanimli kompozit balpetegi yapilarinin gelistirilmesi, orta vadede cevre
dostu tasarimlarin yayginlagmasi ve uzun vadede maliyetlerin diismesiyle birlikte
stirdiiriilebilir endiistri standartlarinin olugsmasi dngdriilen bir yol en yiiksek oncelikli
senaryo olarak belirlenmistir. Ikinci asamada 6ncelikli gelecek yolu, Miro platformu
tizerinde zaman ufuklarina gore aktor-temelli politika adimlarina doniistiiriilmiis ve
veriler nitel kodlama ydntemiyle analiz edilmistir. Bu asamada {iretilen nitel veriler,
Refleksif Tematik Analiz (RTA) yaklasimiyla, MAXQDA yazilimi kullanilarak
tiimevarimsal kodlama yontemiyle incelenmistir. Katilimcilarin kendi ifadelerinden
tiireyen ve dnceden tanimli bir ¢cergeveden bagimsiz olarak ortaya ¢ikan 80’in tizerinde

kodlanmis bolim belirlenmistir. Boylelikle arastirma tasarimi, kesifsel Gelecekler
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Carki asamasindan baslayarak normatif Tersgorii asamasina uzanan biitiinciil bir siire¢

olarak tamamlanmastir.

Bu biitiinctil siireg sonunda, Tersgorii oturumundan dort tema altinda toplanan 16

politika Onerisi gelistirilmistir. Bu dort ana tema ve bulgular asagida belirtilmistir.

Teknoloji gelistirme: Katilimcilar, balpetegi yapilarinin mevcut potansiyelini agsmak
icin Ozellikle hibrit geometrilerin (altigenin Otesine gecen topolojik ¢esitlilik)
arastirilmasi1 gerektigini vurgulamislardir. Ayrica, 3B baski tabanli 6zellestirilmis
balpetegi ¢ekirdekleri sayesinde operasyonel yiik kosullarina uygun, uygulamaya 6zel
coziimler iiretilebilecegi One siiriilmiistiir. Bu baglamda termoplastik balpetegi
cekirdeklerinin gelistirilmesi kisa vadeli bir Ar-Ge oOnceligi olarak belirlenmis,
stirdiiriilebilirlik ve hafiflik kriterlerini birlikte saglayan yenilik¢i ¢éziimlere kapi
aralayacagi ongoriilmistiir. Katilimeilar bu 6nerilerin, literatiirde son yillarda giderek
artan bi¢cimde tartisilan “geometri odakli malzeme tasarimi” egilimiyle uyumlu
oldugunu da belirtmis, yapisal performansin yalnizca malzeme kompozisyonu ile
degil, ayn1 zamanda hiicre mimarisi ve topolojik ¢esitlilik ile de yonlendirilebilecegini

dile getirmislerdir.

Arastirma ve uygulama arasindaki kopriiniin kurulmasi: Savunma ve havacilikta
malzeme teknolojilerinin hizla sertifikasyon ve uygulama asamasina gegmesi gerektigi
i¢in, iiniversite laboratuvarlarinda tretilen bulgularin prototipe doniistiiriilmesini
kolaylagtiracak mekanizmalar Onerilmistir. Ayrica, kamu tarafindan desteklenecek
Miikemmeliyet Merkezleri kurulmasi gerektigi dile getirilmistir. Bu merkezler hem
standart test altyapisi saglayarak {liniversite—sanayi is birligini kurumsallastiracak hem
de kritik malzeme gelistirme projelerini dogrudan sanayiye aktararak yayginlagtirma
islevi tstlenecektir. Bu oneri, katilimcilarin sikca dile getirdigi bir soruna, yani
tiniversitede gelistirilen ¢oziimlerin laboratuvar Ol¢eginde kalmasi ve endiistriye
aktarilamamas1 sorununa yanit olarak oOne c¢ikmistir. Dolayisiyla, Miikemmeliyet
Merkezleri yalnizca teknik bir test altyapisi degil, aym1 zamanda bilgi akisini
hizlandiracak ve Ar-Ge c¢iktilarini iiriinlestirmeyi kolaylastiracak bir kurumsal arag

olarak konumlanmuistur.
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Yerli tiretim kapasitesinin gelistirilmesi: Katilimeilar, Tiirkiye’de balpetegi yapili
kompozitlerin iiretim kapasitesinin sinirli olduguna dikkat ¢ekmis ve yerli iireticilerin
desteklenmesine yoOnelik politikalara ihtiya¢ oldugunu belirtmistir. Bu kapsamda,
savunma projelerinde yerli malzeme kullaniminin adim adim zorunlu hale getirilmesi,
tedarik ve sertifikasyon siireclerinde yerli iireticilerin dnceliklendirilmesi ve piyasa
talebinin net bicimde analiz edilerek yerli sanayiye aktarilmasi gibi Oneriler 6ne
cikmistir. BOylece yalnizca Ar-Ge diizeyinde kalmayan, dogrudan endiistriyel
olgeklenebilirligi hedefleyen bir politika cercevesi sekillenmistir. Ozellikle
katilimcilar, bu tiir politikalarin yalnizca savunma sanayiinde disa bagimlilig
azaltmayacagini, ayn1 zamanda yeni girisimlerin pazara girmesi i¢in tesvik edici bir
ortam yaratacagini da vurgulamislardir. Boylece, yerli sanayinin kiiresel 6lcekte

rekabet edebilirligi artirilabilecektir.

Siirdiiriilebilirlik  ve  gevresel etkiler: Calismada, geri  doniistiiriilebilir
termoplastiklerin yayginlastirilmasi ve gevresel etki kriterlerinin savunma projelerinin
tiim asamalarina entegre edilmesi gerektigi vurgulanmistir. Ayrica, uzun vadede yesil
endiistri standartlarinin olusturulmasi, karbon emisyonlarinin azaltilmasi ve cevre
dostu tasarimlarin yayginlasmasi i¢in somut adimlar atilmasi Onerilmistir.
Katilimeilar, 6zellikle havacilik sektoriinde agirlik azaltmanin dogrudan yakait tiiketimi
ve CO: emisyonlartyla iligkili oldugunu vurgulamis, bu nedenle balpetegi yapili
kompozitlerin ¢evresel siirdiiriilebilirlik boyutuyla da stratejik dnem tasidigini ortaya
koymustur. Bu baglamda, termoplastik kompozitlerin hem geri doniistiirtilebilirligi
hem de hafifligi bir arada sunma potansiyeli, sektor i¢in yeni bir paradigma olarak
goriilmiis ve gelecekte siirdiirtilebilirlik kriterlerinin artik opsiyonel degil, zorunlu bir

standart haline gelecegi ifade edilmistir.

Katilimcilarin  Tersgorii  oturumundaki katkilariyla toplam 16 politika Onerisi
gelistirilmistir. Bu Oneriler yalnizca tematik basliklar altinda siralanmakla kalmamas,
ayni zamanda kisa, orta ve uzun vadeli zaman ufuklarina gore yapilandirilarak
uygulanabilirligi gliclendirilmistir. Ayrica, her bir 6neri aktdr-temelli bigimde (kamu,
sanayi, akademi) dagitilmis ve hangi tarafin hangi donemde hangi sorumluluklari
istlenecegi tanimlanmistir. Bu yaklasim, arastirmanin yalnizca teorik bir gergeve
sunmakla sinirli kalmayip ayni1 zamanda uygulanabilir politika Onerileri 6nermeyi

amagladigini géstermektedir.
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Kisa vadeli politika onerileri (0-5 yil) agirlikli olarak mevcut yapisal bosluklarin
giderilmesine ve kritik teknolojik acigin kapatilmasina odaklanmaktadir. Bu
kapsamda, termoplastik balpetegi yapilarinin Ar-Ge yoluyla gelistirilmesi, savunma
ve havacilik platformlariin ihtiyaglarina 6zgii performans kriterlerinin sistematik
bicimde tanimlanmasi, klasik altigen yapilarin Gtesine gecen hibrit topolojilerin
aragtirtlmas1 ve en Onemlisi, halen Tiirkiye’de bulunmayan yerli iiretici tabaninin
olusturulmasi temel oncelikler olarak 6ne ¢ikmistir. Bu donemde 6nerilen politikalar,
hem bilimsel bilgi liretimini hem de sanayi 6l¢eginde iiretim altyapisinin kurulmasini
ayni anda hedeflemektedir. Kisa vadeli oOnerilerin ortak egilimi, disa bagimlilig
azaltacak ilk adimlarin hizla atilmasi, yerli aktorlerin sisteme dahil edilmesi ve

teknoloji gelistirme siire¢lerinin kritik yol haritalariyla desteklenmesidir.

Orta vadeli politika onerileri (5—10 y1l) daha ¢ok arastirma ve uygulama arasindaki
kopriiyti giiclendirmeyi ve kurumsal yapilari kalici hale getirmeyi amaglamaktadir. Bu
asamada, liniversitelerde gelistirilen termoplastik balpetegi cekirdeklerinin sanayiye
aktarilmas1 i¢in yapilandirilmis prototipleme ve dogrulama programlarinin
uygulanmasi, geri donistiiriilebilir kompozitlerin gelistirilmesi, robotik iiretim
teknolojilerinin devreye alinmasi ve performans dogrulamasi i¢in simiilasyon
araclarinin  yerli imkanlarla tasarlanmasi ©ne c¢ikmaktadir. Ayrica, ulusal
miitkemmeliyet merkezlerinin kurulmasi, kapsamli bir malzeme veritabani ve katalog
sisteminin olusturulmasi, standardizasyon ve ag¢ik veri temelli dogrulama
altyapilarmin hayata gecirilmesi orta vadeli Onerilerin kurumsal boyutunu
olusturmaktadir. Bu sayede, kisa vadede baslatilan Ar-Ge faaliyetleri sanayiye
tasinmakta, kurumsallasmakta ve ulusal ol¢ekte siirdiiriilebilir bir ekosistem insa
edilmektedir. Orta vadeli Onerilerin genel egilimi, yenilik¢i aragtirma sonuglarinin
ticarilestirilmesi, sanayinin ihtiya¢ duydugu test—sertifikasyon altyapisinin

giiclendirilmesi ve politika yapiminda koordinasyon mekanizmalarinin kurulmasidir.

Uzun vadeli politika dnerileri (10 y1l ve sonrasti) ise balpetegi yapili malzemelerin ileri
teknolojik yetkinliklerle donatilmasi ve siirdiiriilebilirlik odakli kiiresel standartlarin
olusturulmasina yoneliktir. Bu asamada, platforma 6zgii yiikk kosullarina adapte
olabilen gelismis 3B kafes yapilarin tasarimi, balpetegi malzemelerin akustik

izolasyon gibi cok islevli dzelliklerle zenginlestirilmesi, uzun vadeli performansin
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giivence altina alimmasi i¢in ulusal sertifikasyon prosediirlerinin gelistirilmesi ve
cevresel etki kriterlerinin malzeme gelistirme siireclerine sistematik olarak entegre
edilmesi ongoriilmektedir. Ayrica, tiim bu siireclerin ortak bir dijital altyapi {izerinden
yoOnetilmesi, verilerin paylasilmasi ve simiilasyon—sertifikasyon ¢iktilarinin merkezi
bir platformda toplanmasi uzun vadeli vizyonun tamamlayict unsurlarim
olusturmaktadir. Uzun vadeli Onerilerin genel egilimi, teknolojik kapasiteyi kiiresel
rekabet giicii saglayacak bi¢cimde ileriye tagimak, siirdiiriilebilirlik ilkelerini stratejik
bir zorunluluk haline getirmek ve savunma-havacilik ekosisteminde dijitallesmeyi

kurumsal bir standart olarak yerlestirmektir.

Boylelikle tez, kesifsel bir 6ngorii metodu olan Gelecekler Carki asamasinda ortaya
cikan Ongoriileri sistematik bigimde Onceliklendirerek, Tersgorii siirecinde bunlari
uygulanabilir politika Onerilerine doniistirmiis ve karar alicilar igin izlenebilir,

zamanlamasi net ve sorumluluklar1 tanimlanmis bir yol haritasit sunmustur.

Bu bulgularin biitiinciil olarak degerlendirilmesi, yalnizca balpetegi yapil
kompozitlerin teknik potansiyeline 151k tutmakla kalmayip ayni zamanda Tiirkiye’nin
savunma ve havacilik planlamasinda gelecege doniik diisiinme bicimlerinin nasil
kurumsallagtirilabilecegine dair kapsamli ongoriiler sunmaktadir. Tezde kullanilan
Oongorii  yontemleri, bir yandan teknolojik egilimlerin sistematik big¢imde
haritalandirilmasina olanak vermis, diger yandan bu egilimlerin politika diizeyinde
nasil anlamlandirilabilecegini gostermistir. Bu yOniiyle calisma, hem bilimsel
aragtirma literatilirline hem de pratik savunma planlamasi uygulamalarina ¢ift yonlii

katki saglamaktadir.

Ortaya konulan senaryolar ve politika Onerileri, 6zellikle belirsizliklerin yiiksek
oldugu savunma teknolojileri gibi alanlarda karar vericiler i¢cin 6nemli bir yol gésterici
nitelik tagimaktadir. Ciinkii malzeme teknolojilerinde bugiin alinacak stratejik kararlar,
yalnizca kisa vadeli projelerin basarisin1 degil, ayn1 zamanda 6niimiizdeki on yillarin
rekabetci konumunu da belirleyecektir. Bu nedenle tez kapsaminda gelistirilen
yontemsel yaklasim, yalnizca akademik bir arastirma olmanin Gtesinde, dogrudan
uygulanabilir bir ara¢ kutusu sunmaktadir. Tiirkiye’nin savunma ve havacilik

sektorlerinde faaliyet gosteren kurumlar, burada gelistirilen yol haritasin1 dikkate
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alarak kendi kurumsal stratejilerini sekillendirebilir ve is birligi modellerini gézden

gegirebilir.

Aragtirmanin 6ne ¢ikan bir diger boyutu, kullanilan katilimec1 yontemlerin yarattig
etkilesim kapasitesidir. Uglii sarmal modeline dayali olarak sanayi, kamu ve akademi
aktorlerinin bir araya getirilmesi, 6ngorii siirecine yalnizca ¢ok yonlii bir bakis agisi
kazandirmamis; aym1 zamanda gelecege dair kolektif bir sahiplenme duygusu
yaratmistir. Bu yaklasim, Tirkiye’de siklikla eksikligi hissedilen “ortak vizyon
tiretme” kapasitesinin artirilmasina katki saglayabilecek niteliktedir. Katilimcilar
tarafindan tretilen 6ngori ifadelerinin tiimevarimsal bigimde kodlanarak temalara
ayrilmasi, hem sahadan gelen seslerin dogrudan yansitilmasina hem de bu seslerin
sistematik bilgiye doniistiiriilmesine imkan tanimistir. Boylelikle, politika yapicilarin
¢ogu zaman ulasmakta zorlandig1 uzman bilgisi ile stratejik karar siirecleri arasinda

bir kdprii kurulmustur.

Tezde gelistirilen yol haritasi, ayn1 zamanda esnek ve 6lgeklenebilir yapisiyla dikkat
cekmektedir. Kisa vadeli oneriler, acil bosluklarin giderilmesi ve temel kapasitenin
ingsa  edilmesine  odaklanmirken; orta vadeli oOneriler bu  kapasitenin
kurumsallastirilmasimi ~ ve  siirdiirtilebilir  is  birliklerine  doniistiiriilmesini
hedeflemektedir. Uzun vadeli oneriler ise yalnizca teknik hedefler sunmakla kalmayip,
aym1 zamanda c¢evresel siirdiiriilebilirlik ve kiiresel rekabet giicii boyutlarini da
icermektedir. Boylece ortaya ¢ikan yol haritasi, yalnizca lineer bir gelisim siirecini
degil, birbirini tamamlayan ve gii¢lendiren asamalarin biitiinciil bir entegrasyonunu
temsil etmektedir. Bu yaklagim, politika uygulamalarinda stireklilik ve biitlinliik

saglanmasi acisindan kritik bir deger tagimaktadir.

Bununla birlikte, ¢aligma yalnizca teknik ve politik boyutlarla sinirli kalmamis, ayni
zamanda metodolojik anlamda da yenilik¢i bir katki sunmustur. Gelecekler Carki ve
Tersgorii yontemlerinin ardisik bicimde kullanilmasi, hem kesifsel hem de normatif
Ongorii siireclerinin birbirini tamamlayici bi¢imde islemesini miimkiin kilmistir. Bu
yontemsel entegrasyon, literatiirde siklikla vurgulanan ancak uygulamada nadiren
karsilasilan bir boslugu doldurmakta; 6ngorii calismalarinin daha etkin, izlenebilir ve

politika tiretimine uygun hale gelmesine imkéan tanimaktadir. Ayrica, slire¢ boyunca
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kullanilan dijital platformlarin katilimci deneyimini kolaylastirmasi, yontemlerin
gelecekte daha genis katilimli 6ngorii caligmalarinda da rahatlikla uygulanabilecegini

gostermektedir.

Tezin ortaya ¢ikardigi dnemli bulgulardan biri, balpetegi yapilt kompozitlerin yalnizca
bir malzeme teknolojisi olarak degil, ayn1 zamanda daha genis bir doniisiim
vizyonuyla iliskilendirilebilecek bir potansiyel tasidigidir. Ultra hafiflik, yiiksek
dayanim, c¢evre dostu tasarim ve diisiik maliyet gibi nitelikler, aslinda savunma ve
havacilik ekosisteminin gelecekteki yonelimlerini belirleyecek stratejik kriterlerin
somut bir yansimasidir. Dolayisiyla, bu malzemelerin gelisim siire¢leri ayni1 zamanda
Tiirkiye’nin teknolojik bagimsizlik hedefleri, siirdiiriilebilir kalkinma vizyonu ve
uluslararasi rekabet stratejileriyle dogrudan iligkilidir. Bu baglamda, tezde gelistirilen
politika onerileri yalnizca teknik Ar-Ge projeleri i¢in degil, ayn1 zamanda daha genis

stratejik planlama gergeveleri igin de yol gdsterici niteliktedir.

Bulgular ayrica, savunma ve havacilik sektdrlerinde uzun vadeli planlamanin ne denli
kritik oldugunu bir kez daha ortaya koymaktadir. Kisa vadeli ¢oziimlerin Gtesine
gecemeyen yaklasimlar, kiiresel rekabetin hizla degistigi bir ortamda yetersiz
kalmakta; teknoloji gelistirme siireclerinin istikrarsiz ve daginik ilerlemesine yol
acmaktadir. Tez kapsaminda Onerilen Ongorii temelli yaklagim, gelecegin
belirsizliklerini sistematik bicimde yonetmeyi miimkiin kilmakta; karar alicilarin daha
saglam, esnek ve vizyoner politikalarin gelistirmesine olanak vermektedir. Bu yoniiyle
caligma savunma planlamasi, teknoloji yonetimi ve stratejik ongorii alanlarina da

degerli katkilar sunmaktadir.

Elbette, ortaya konulan metodoloji ve politika Onerilerinin hayata gecirilebilmesi,
yalnizca teknik calismalarla sinirli olmayip, gii¢lii bir kurumsal irade ve koordinasyon
mekanizmalar1 gerektirmektedir. Kamu, sanayi ve akademi aktorlerinin birbirini
tamamlayan roller istlenmesi; ortak fonlama, veri paylagimi ve sertifikasyon
siireclerinde seffaflik saglamasi; ulusal ve uluslararasi standartlara uyum konusunda
kararlilik géstermesi bu siirecin basarisi i¢in kritik olacaktir. Tiirkiye’nin savunma ve
havacilik vizyonunda balpetegi yapili kompozitlerin stratejik bir rol iistlenebilmesi,

ancak bu tiir biitiinciil ve koordineli adimlarin atilmastyla miimkiin olacaktir.
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Sonug olarak, bu tez yalnizca belirli bir malzeme teknolojisinin gelecegini incelemekle
kalmamis; ayn1 zamanda Ongoriiye dayali politika gelistirmenin  nasil
uygulanabilecegine dair bir ornek ortaya koymustur. Calismanin bulgular, karar
alicilar i¢in uygulanabilir, akademi i¢in yontemsel, sanayi i¢in ise stratejik bir referans
noktas1 sunmaktadir. Daha da onemlisi, ortaya ¢ikan yontemsel c¢ergevenin bagka
teknolojik alanlara da uyarlanabilecek esneklige sahip olmasi, tezin katkilarim
balpetegi yapili kompozitlerin 6tesine tasimaktadir. Bu ¢ercevede, ¢alisma yalnizca bir
vaka analizinden ibaret olmayip, Tiirkiye’'nin gelecege doniik politika olusturma

kapasitesinin gelistirilmesine katkida bulunan bir adim niteligindedir.
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