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Preface

Aerospace engineering is a continuously developing field
that combines many disciplines, such as engineering, technology,
management and education. Development in the field is driven by
advances in autonomous systems, advanced engineering materials
and aviation operations. New engineering education methods, as
well as global political and economic changes, directly influence the
future of the sector.

The book "Contemporary Approaches in Aviation and
Aerospace: Technology, Education, and Management" covers
various topics in aviation and aerospace. It includes chapters on cost
resilience in airline operations concerning geopolitical risks, human-
centered design for future autonomous aviation systems, the impact
of composite materials on unmanned aerial vehicles (UAVs), and
innovative educational strategies in aerospace engineering to better
equip future engineers.

We hope this book proves valuable to academics, researchers,
students, and professionals working in the field of aerospace
engineering. We extend our gratitude to all the authors for their
contributions and for sharing their work in this volume. We also hope
that these sections will encourage further research and provide useful
information for those interested in the future of the aerospace sector.

Editor
Assistant Professor Yasin OZCAN

Kastamonu University
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BOLUM 1

HAVACILIK YONETIMINDE JEOPOLITIK
RISKLERE KARSI MALIiYET DAYANIKLILIGI:
HAVAYOLU OPERASYONLARINDA ONLEYICI

VE TEPKISEL YAKLASIMLAR

Fatih KARAMAN!
Giris
Havayolu tagimaciligi, ekonomik faaliyetlerin, uluslararasi
ticaretin ve kiiresel hareketliligin 6nemli unsurlarindan biri olmakla
birlikte, ulusal sinirlarin Gtesinde faaliyet gostermesi nedeniyle
ekonomik, politik ve operasyonel gelismelere kars: yiiksek diizeyde
duyarhdir. Ugus planlamasi, filo kullanimi, giizergdh belirleme,
yakit tedariki, miirettebat ve bakim faaliyetleri ile havalimam
kullanim1 gibi operasyonel kararlar, isletme ici kosullarin yan1 sira
dis ¢evredeki gelismelerden de etkilenmektedir. Ozellikle savaslar,
bolgesel catigmalar, hava sahalarinin kapatilmasi, yaptirimlar,
diplomatik gerilimler ve siyasi istikrarsizliklar, mevcut operasyon
planlarmin degistirilmesine ve maliyet yapilarinda yeni baskilarin
olusmasina yol agabilmektedir.

' Dr. Ogr. Uye., Istanbul Medipol Universitesi, Havacilik Yénetimi Boliimii,

Orcid: 0000-0001-5915-8054
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Jeopolitik risklerin havacilik sektorli agisindan Onemi,
yalnizca giivenlik ve ulagim sorunlar1 yaratmalarindan degil,
operasyonel  slireglerin  bircok  unsurunu es  zamanl
etkileyebilmelerinden  kaynaklanmaktadir. Hava  sahalarinin
kullanilamamasi; ugus glizergahlarinin ~ degistirilmesi, ucgus
sirelerinin uzamasi, alternatif havalimanlarinin kullanilmasi ve
operasyonel kaynaklarin yeniden tahsis edilmesi gibi sonuglar
dogurabilmektedir. Liao et al. (2025), 2018-2024 ddénemindeki
uluslararas1 havayolu programlarini inceleyerek Rusya hava
sahasmin kapanmasinin havayollarint daha uzun gilizergahlar
kullanmaya yonelttigini ve igletmelerin ag yapilarini yeniden
diizenledigini ortaya koymuslardir. Bu durum, jeopolitik
gelismelerin  uguslarin  yan1 sira havayolu ag ve operasyon
planlamasini da degistirebildigini gdstermektedir.

Jeopolitik risklerin maliyetler lizerindeki etkisi 6zellikle hava
sahast kisitlamalari ve gilizergdh degisiklikleri {izerinden
goriilmektedir. Rusya-Ukrayna savasi sonrasinda Avrupa-Asya
ucuslarinda Rusya hava sahasinin kullanilamamasi, giizergahlarin
uzamasina ve operasyonel maliyetlerin artmasina neden olmustur.
Ennen & Wozny (2024), hava sahasi kapanmalarinin Avrupa-Asya
ucuslarinda O6nemli sapmalara yol acarak seyahat siirelerini ve
operasyonel maliyetleri artirdigini ortaya koymustur. Ayrica ugus
stiresindeki her ilave dakikanin ortalama ticretlerdeki artisla iliskili
oldugu belirlenmistir.

Hava sahas1 kisitlamalar1 yakit tiikketimi ve c¢evresel
maliyetleri de artirabilmektedir. Dannet et al. (2025), catismalar
nedeniyle uygulanan hava sahasi kisitlamalarinin kiiresel havacilik
iizerindeki etkisini incelemis ve Rusya hava sahasinin Batili
havayollarmma kapanmasinin 6zellikle Avrupa ve Dogu Asya
arasindaki uguslarda 6nemli giizergah sapmalarina neden oldugunu
belirlemistir. Etkilenen gilizergahlarda ortalama yakit tiiketimi %13
artarken, Avrupa ile iligkili ucuslarda bu artis %14,8'e ulagsmistir. Bu
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bulgular, jeopolitik risklerin maliyet yapisinda ozellikle yakit
tiiketimi ve ugus siiresi iizerinden dogrudan baski olusturabildigini
gostermektedir.

Bununla birlikte maliyet baskisi sadece yakit giderleriyle
siirlt goriilmemelidir. Gilizergah degisikliklerinin ugus siirelerini
uzatmasi; ucak kullanim siireleri, bakim planlamasi, miirettebat
caligma stireleri, havaalani1 ve hava seyriisefer licretleri, yedek ucak
ihtiyact ve baglantili uguslarin planlanmasi gibi maliyet unsurlarini
da etkileyebilmektedir. Ayrica tedarik zincirlerindeki bozulmalar,
ucak ve motor pargalarina erisimin zorlasmast ve lojistik
faaliyetlerdeki aksamalar, operasyonel siireklilik ile maliyet
kontroliinii giiclestirmektedir. Dolayisiyla jeopolitik risklerin etkisi
yalnizca ortaya ¢ikan ek maliyetler {izerinden degil, isletmenin bu
maliyetleri yonetebilme kapasitesi iizerinden degerlendirilmelidir.

Bu baglamda havacilik yonetimi acisindan “maliyet
dayanikliligi” kavrami Onem kazanmaktadir. Bu c¢alisma
kapsaminda  maliyet dayamikliligi, havayolu isletmesinin
beklenmeyen ve maliyet artirict digsal gelismeler karsisinda
operasyonlarint  siirdlirebilmesi, maliyet baskilarin1  kontrol
edebilmesi ve gerekli durumlarda kaynaklarini  yeniden
diizenleyebilmesi kapasitesi olarak ele alinmaktadir. Kavram,
geleneksel maliyet azaltma yaklagimindan farkli olarak kriz
kosullarinda maliyetlerin nasil yonetilecegine ve isletmenin degisen
kosullara uyum kapasitesine odaklanmaktadir. Hiney et al. (2025),
havalimanlarinin belirsizlik ve kriz donemlerinde operasyonlarini ve
ticari  faaliyetlerini  siirdiirebilme  kapasitesinin  siireclerin
gelistirilmesi, operasyonel verimliligin artirilmast ve paydas
iliskilerinin gii¢lendirilmesiyle desteklenebilecegini belirtmektedir.

Havayolu  isletmelerinde = maliyet  dayanikliliginin
gelistirilmesinde iki temel yonetim yaklasimi 6ne ¢ikmaktadr. T1ki,
jeopolitik risk gerceklesmeden 6nce hazirlik yapilmasini ifade eden
Onleyici yaklagimdir. Alternatif ug(;us glizergahlarinin belirlenmesi,



farkl1 havalimanlarinin degerlendirilmesi, tedarik kaynaklarinin
cesitlendirilmesi, filo ve kapasite esnekliginin gelistirilmesi, maliyet
baskilarinin izlenmesi ve kriz senaryolarmmin hazirlanmasit bu
kapsamda degerlendirilebilir. Bu yaklagimin amaci, risk
gergeklestiginde isletmenin hazirliksiz yakalanmasini ve kararlarin
yalnizca kriz kosullarinin baskisiyla alinmasini 6nlemektir.

Ikinci yaklasim, jeopolitik risk gerceklestikten sonra ortaya
cikan kosullara uyum saglamaya yonelik tepkisel yonetimdir. Hava
sahasinin  kapanmast veya wugus kisitlamalar1  sonrasinda
giizergahlarin degistirilmesi, ucguslarin yeniden planlanmasi, sefer
sikligimin ~ diizenlenmesi, alternatif havalimanlarinin  devreye
alinmas1 ve kapasitenin yeniden dagitilmasi bu kapsamda ele
alinabilir. Liao et al. (2025) tarafindan ortaya konulan bulgular,
Rusya hava sahasinin kapanmasi sonrasinda havayollarinin daha
uzun gilizergahlar kullanarak operasyon aglarint  yeniden
diizenledigini gostermektedir. Dolayisiyla jeopolitik risklerin
havayolu isletmeleri agisindan degerlendirilmesinde yalnizca
maliyet artisina odaklanmak yeterli degildir. Isletmelerin maliyet
artirict digsal soklar1 ne ol¢iide Oongorebildigi, bunlara karsi nasil
hazirlandig1 ve risk gergeklesti§inde operasyonel ve finansal
kaynaklarin1 nasil yeniden diizenledigi de 6nem tagimaktadir. Bu
yaklasim, maliyet yonetimini statik bir gider azaltma faaliyetinden
cikararak belirsizlik ve kriz kosullarinda operasyonel siirekliligi
korumaya yonelik stratejik bir yonetim konusu haline getirmektedir.

Calismada havacilik yonetimi perspektifinden jeopolitik
riskler ile maliyet dayaniklilig1 arasindaki iliski, kavramsal olarak
incelenerek havayolu operasyonlarinda uygulanabilecek 6nleyici ve
tepkisel yonetim yaklasimlar1 degerlendirilecektir. Bu dogrultuda
jeopolitik risk kavrami ve bu risklerin sivil havaciliga yansimalari
ele alinacak; ardindan havayolu operasyonlarinin temel maliyet
yapist ve jeopolitik gelismelerin olusturdugu maliyet baskilar
incelenecektir. ~ Sonraki ~ bolimlerde maliyet dayaniklilig
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aciklanarak, risk oncesinde uygulanabilecek Onleyici stratejiler ile
risk sonrasinda uygulanabilecek tepkisel stratejiler karsilagtirmali
bicimde degerlendirilecektir. Calismada belirli bir havayolu
isletmesinin maliyet performansin1 6lgmek yerine, jeopolitik
belirsizliklerin havayolu operasyonlarinda olusturdugu maliyet
baskilarinin ve bu baskilara kars1 gelistirilebilecek yonetim
yaklasimlarinin ortaya konulmasi amaglanmaktadir. Boylece
havayolu isletmelerinin krizlere yalnizca tepki veren degil, jeopolitik
risklere onceden hazirlanan ve maliyet yapisini degisen kosullara
uyarlayabilen bir yonetim anlayisina duydugu gereksinim ortaya
konulacaktir.

Jeopolitik Risk Kavram ve Sivil Havacilik Sektoriine
Yansimalari

Jeopolitik risk, devletler arasindaki siyasal gerilimler,
catigmalar, savaslar ve uluslararasi giivenlik sorunlarinin ekonomik
faaliyetler iizerindeki belirsizlik ve tehditlerini ifade eden ¢ok
boyutlu bir risk tiriidiir. Caldara & lacoviello’ya (2022: 4) gore
jeopolitik risk, savaglar, terérizm ve devletler arasindaki her tiirlii
gerginlik gibi olumsuz olaylarin tehdit olusturmasi, meydana
gelmesi ve tirmanmasiyla ilgili olarak, uluslararas: iligkilerin
huzurlu seyrine etki eden bir kavram olarak tanimlanmaktadir. Bu
kavram yalnizca gergeklesmis catismalari degil, bunlarin ortaya
citkma ve tirmanma ihtimalini de kapsamaktadir. Gelistirdikleri
Jeopolitik Risk (GPR) Endeksi, jeopolitik gelismelerin ekonomik
faaliyet 1tizerindeki etkilerini Olgcen kapsamli bir gosterge
niteligindedir. Calismada jeopolitik riskteki artiglarin yatirim ve
istthdam iizerinde olumsuz sonuglarla iliskili oldugu ortaya
konulmustur (Caldara & Iacoviello, 2022). Jeopolitik tehditler para
birimlerine biiyiik etkiler yaparak mali ve para politikalarina iliskin
ongoriileri degistirebilir. Glick & Taylor’a (2010: 102) gore savaslar,
teror eylemleri ve catismalar genellikle tam ya da kismi ticaret
ambargolarinin ardindan, uluslararasi ticareti azaltma egilimi
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gosterebilir. Dolayisiyla bu tiir gelismeler ticaret akislart iizerinde
olumsuz etkilere yol agabilir.

Sivil havacilik agisindan jeopolitik riskin 6nemi, sektoriin
uluslararas1 siyasi, ekonomik ve hukuki sistemlerle dogrudan
baglantili olmasindan kaynaklanmaktadir. Havayolu isletmeleri;
faaliyet gosterdikleri veya tizerinden gegtikleri iilkelerin hava sahasi
politikalari, giivenlik kosullari, seyahat diizenlemeleri ve ekonomik
yaptirimlardan etkilenmektedir. Bu nedenle jeopolitik gelismeler;
ucus rotalarinin, yakit tiiketiminin, yolcu talebinin, ugus aginin ve
finansal performansin tizerinde sonuglar dogurabilmektedir. Nitekim
Cai et al. (2025), Avrupa'daki biiyiikk havayolu isletmelerinde
jeopolitik riskler ile havayolu hisse getirileri arasindaki iliskinin
donemlere gore degisebildigini ortaya koymuslardir.

Savaglar ve bolgesel catigmalar, jeopolitik risklerin sivil
havaciliga en dogrudan yansiyan unsurlar1 arasindadir. Etkileri
catigma  bolgesiyle smirli  kalmayarak hava  sahalarinin
kullanilamamasi, ugus rotalarinin degistirilmesi, seyahat talebindeki
degisimler ve yaptinmlar yoluyla farkli iilke ve havayolu
isletmelerine yayilabilmektedir. Rusya-Ukrayna savasi bu durumun
onemli bir 6rnegidir. Rusya ve Ukrayna hava sahalarinin kapanmasi,
uluslararasi ucuslarin alternatif rotalara yonelmesine ve buna baglh
olarak ucus mesafeleri ile tasima maliyetlerinin artmasina neden
olmustur. Chu et al. (2024), 1 milyondan fazla uluslararast ucus
hareketini iceren veriler tiizerinden gercgeklestirdikleri analizde,
catismanin ucus glizergahlarinda onemli degisiklikler yarattiini;
kiiresel uluslararasi uguslarin %6,23'inde ucus maliyetinin anlamli
bigimde arttifin1 ve bu uguslarda ortalama maliyet artisinin %13,32
oldugunu belirlemislerdir.

Savaglarin etkileri ugus maliyetlerinin yani sira yolcu talebi,
kapasite kullanim1 ve giizergah kararlarinda da goriilmektedir. Cho
et al. (2023), siyasi catigmalarin havayolu talebi ve operasyonel

performans1 tiizerinde etkili oldugunu ve farkli havayolu is
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modellerinin  kriz  kosullarma farkli tepkiler verebildigini
gostermistir. Ayrica catigma bdlgelerindeki giivenlik riski, rota
kararlarinda 6nemli bir unsur haline gelmektedir. Bukhman et al.
(2024), gatigma bolgelerinde sivil ucaklarin diistiriilme riskinin veri
temelli yontemlerle degerlendirilmesi gerektigini ve ¢atismanin tiirti
ile yogunlugunun tehdidin diizeyini etkileyebildigini ortaya
koymuslardir.

Hava sahasi kisitlamalari, jeopolitik gelismelerin havayolu
operasyonlarina dogrudan yansidigi temel mekanizmalardan biridir.
Devletler giivenlik, siyasi gerilim veya askeri ¢atisma nedeniyle
hava sahalarinin tamamini ya da belirli boliimlerini sivil uguslara
kapatabilmekte veya belirli iilkelere ait havayollarinin kullanimini
sinirlandirabilmektedir.  Bu  durum, isletmeleri  alternatif
giizergdhlara ve yeniden diizenlenmis ucus planlaria
yoneltmektedir. Hava sahasinin kapanmasinin baslica sonuglarindan
biri ugus mesafesi ve siiresinin artmasidir. Daha uzun giizergahlar
ozellikle yakit tiiketimini ve ucusla iliskili maliyetleri artirirken,
ucak kullanim siireleri ve operasyonel planlamayr da
etkileyebilmektedir. Chu et al. (2024), Rusya ve Ukrayna hava
sahalarinin  kapanmasiin kiiresel ucus gilizergahlarinda 6nemli
sapmalara ve maliyet artislarina yol actigini ortaya koymustur. Hava
sahast  kisitlamalart ~ havayolu  aglarinin  yapisimm  da
degistirebilmektedir. Liao et al. (2025), 2018-2024 dénemindeki
uluslararast ugus programlarini inceleyerek Rus hava sahasinin
kapanmasinin havayollarin1 daha uzun giizergahlara yonelttigini ve
ag yapisinda degisiklikler meydana getirdigini belirlemistir.
Dolayisiyla hava sahasi kisitlamalari, jeopolitik riskin rota, ugus
stresi, yakit tiketimi ve ag baglantilar1 iizerinden havayolu
isletmelerine aktarilmasinda dogrudan bir kanal olusturmaktadir.

Ekonomik yaptirimlar, belirli iilke, sirket veya ekonomik
faaliyetlere yonelik kisitlamalar araciligiyla havayolu isletmelerini
etkileyen 6nemli bir jeopolitik risk unsurudur. Havacilik sektoriinde
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yaptirimlar; ucus yasaklari, hava sahasina erigim kisitlamalari, ticari
islemlerin sinirlandirilmasi ve uluslararasi ulasim baglantilarinin
azaltilmasi seklinde ortaya cikabilmektedir. Rusya-Ukrayna savasi
sonrasinda uygulanan yaptirimlar bu iliskinin énemli bir 6rnegini
olusturmaktadir. Grimme et al. (2024), Batili {lkelerin Rus
havayollarina yonelik ugus yasaklari ve diger kisitlamalariin
ardindan Rusyamin da 36 iilkenin havayollarina hava sahasi
kisitlamalar1 uyguladigini belirtmektedir. Bu gelismeler Rusya'nin
uluslararasi hava trafiginin yoniinde 6nemli degisikliklere yol agmas;
Bat1 Avrupa ve Kuzey Amerika ile baglantilar azalirken yaptirim
uygulamayan Orta Asya, Korfez tilkeleri ve Tiirkiye gibi pazarlara
yonelik hava trafigi artmustr.

Yaptirimlar ayrica yolcu talebi ve gelirler iizerinde de etkili
olabilmektedir. Belirli iilke veya destinasyonlara erisimin
sinirlandirilmasi, dogrudan wuguslarin  ortadan kalkmasina ve
yolcularin  alternatif = glizergdhlara ~ yOnelmesine  neden
olabilmektedir. Bu nedenle yaptirimlar, havayolu isletmelerinin
operasyonlarinin yani sira uluslararasi pazar baglantilarin1 ve gelir
kaynaklarim da etkileyebilmektedir.

Diplomatik krizler, silahli ¢atismaya donlismeden de sivil
havacilik faaliyetlerini etkileyebilmektedir. Devletler arasindaki
siyasi gerilimler; ugus izinleri, hava sahasi1 kullanimi, seyahat
diizenlemeleri ve destinasyonlara yonelik yolcu talebinde
degisikliklere yol agabilmektedir. Bu nedenle diplomatik krizlerin
etkileri glivenlik risklerinin yani sira belirsizlik ve talep degisimleri
iizerinden de ortaya ¢ikmaktadir. Cho et al. (2023), Cin ve Giiney
Kore arasindaki siyasi gerilim baglaminda havayolu isletmelerinin
ucus sayist ve koltuk kapasitesinde degisiklikler meydana geldigini
ve siyasi catismalarin havayolu performansini etkileyebildigini
gostermistir. Bu sonuglar, diplomatik krizlerin ugus planlama ve
kapasite yonetimini etkileyen bir isletme faktorii oldugunu ortaya
koymaktadir.



Diplomatik krizlerin etkileri her zaman dogrudan ve ani
olmayabilmektedir. Siyasi gerilimin artmas1 yolcu talebinde
belirsizlik yaratirken, krizin devam etmesi havayollarinin kapasite
ve destinasyon kararlarini degistirebilmektedir. Boylece diplomatik
gelismeler zaman igerisinde havayolu agmin ve operasyonel
faaliyetlerin yeniden sekillenmesine neden olabilmektedir.

Jeopolitik  risklerin  havayolu isletmelerine etkileri;
operasyonel faaliyetler, maliyetler, yolcu talebi, ucus ag1 ve finansal
performans gibi birbiriyle iligkili alanlarda ortaya ¢ikmaktadir. Hava
sahalarinin  kapanmasi veya giizergahlarin degistirilmesi, ugus
mesafesi ve siirelerini artirarak  operasyonel — maliyetleri
ylikseltebilmektedir. Rusya-Ukrayna savast iizerine yapilan
aragtirmalar, bu etkinin kiiresel hava tasimaciliginda ol¢iilebilir
boyutlara ulasabildigini gostermektedir (Chu et al., 2024). Jeopolitik
riskler aym1  zamanda  havayolu aglarinin ~ yapisin
degistirebilmektedir. Hava sahasi kisitlamalar1 veya diplomatik
gelismeler nedeniyle belirli gilizergahlarin  kullanilamamasi,
havayollarmi1  alternatif rotalara ve baglanti noktalarina
yoneltebilmektedir. Liao et al. (2025), Rus hava sahasinin
kapanmasinin daha uzun rotalarin  kullanilmasina ve ag
ozelliklerinin degismesine yol actigini ortaya koymuslardir. Bunun
yaninda siyasi ¢atigmalar belirli destinasyonlara yonelik seyahat
talebini  azaltarak ucgus sayis1 ve kapasite kullanimim
etkileyebilmektedir. Cho et al. (2023), siyasi ¢atigmalarin havayolu
talebi ve performansi iizerinde etkili olabildigini gdstermektedir. Son
olarak jeopolitik riskler finansal performansa da yansiyabilmektedir.
Cai et al. (2025), Avrupa'daki baglica havayolu isletmelerinde
jeopolitik riskler ile hisse getirileri arasindaki iligkinin zaman
icerisinde degisebildigini ortaya koymuslardir.

Sonug¢ olarak savaglar, bolgesel c¢atismalar, hava sahasi
kisitlamalari, ekonomik yaptirimlar ve diplomatik krizler, havayolu
isletmelerini farkli kanallar {izerinden etkileyen temel jeopolitik risk
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unsurlaridir. Bu risklerin ortak 6zelligi, isletmelerin dogrudan
kontrolii disinda ortaya ¢ikmalar1 ve operasyonlardan maliyetlere,
ucus aglarindan yolcu talebine kadar birden fazla alani es zamanl
etkileyebilmeleridir. Bu nedenle jeopolitik riskler, sivil havacilik
sektoriinde yalnizca giivenlik veya dis politika konusu degil, ayni
zamanda havayolu isletmelerinin operasyonel ve ekonomik
faaliyetlerini  etkileyen Onemli bir isletme riski olarak
degerlendirilmelidir.

Havayolu Operasyonlarinda Maliyet Yapis1 ve Maliyet
Baskilan

Havayolu tasimacilifi; yiiksek sermaye gereksinimi,
kapasitenin kisa donemde smirli Olgiide degistirilebilmesi, c¢ok
sayida operasyonel faaliyetin es zamanli yiiriitiilmesi ve dissal
soklara duyarlilig1 nedeniyle maliyet yonetiminin kritik oldugu bir
sektordiir. Havayolu isletmelerinin maliyet yapis1 yakat, isgiicli, ugak
sahipligi ve kiralama, bakim, havalimani ve hava seyriisefer
hizmetleri, sigorta, yer hizmetleri ve diger operasyonel giderlerden
olusmaktadir (Belobaba et al., 2015; Doganis, 2010; Flouris et al.,
2009). Bu maliyetlerin bir boliimii kapasite ve ucus hacmine bagl
olarak degisirken, bazilar1 kisa donemde daha kati bir yap1
gostermekte ve uguslarin azaltilmast veya iptali durumunda
tamamen ortadan kalkmamaktadir.

Oncii et al.’a (2010: 50) gore sabit maliyetler, hava aracinin
kullanimina bagh olarak degismeyen, hava aracina ait kat1 giderler,
ekiplerin sabit harcamalari, bakim s6zlesmelerinin sabit masraflari
ve sigorta harcamalarin sabit giderleri seklinde alt basliklara
ayrilmaktadir. Bu masraflara genel yonetim masraflari, genel sigorta
masraflari, genel kira masraflar1 ve amortismanlar da eklenmesi,
yaygin olarak karsilagilan uygulamalar arasinda bulunmaktadir.
Degisken maliyetler, calisanlarin seyahat, egitim, fazla mesai ve
harcirah gibi masraflarinin yani sira, hava araglarinin ugus siireleri
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ile dongiilerine goére hesaplanan giderleri ve parca degisim
masraflarin1  kapsamaktadir. Ayrica, hava araglarmin uguslari
esnasinda eklenen yakit, yer hizmetleri, yemek servisi, {ist gegis
ticretleri, havalimani yolcu vergileri ve havalimaninda konma ya da
konaklama masraflar1 gibi tim 6demeleri de icermektedir. Vasigh et
al.’a (2019: 37) gore, isletme ve operasyon masraflari; ucak
giderleri, havayolu isletme giderleri, yakit masraflari, calisan
masraflari, bakim masraflari, inis {icretleri ve diger organizasyonel
giderler; yolcu ve yiik tasima islemleri sirasinda ortaya g¢ikan
masraflar olarak tanimlanmaktadir. Aslinda isletme faaliyetleri sabit
ve degisken olarak siniflandirilmaktadir, ancak tiim havayolu
firmalar1 bunlar1 esas faaliyetlerinin hesaplama ydntemi olarak
gormekte ve degerlendirmektedirler. Maliyetlerin biiytlikligi ve
bilesimi donemsel ve bolgesel kosullara gore degisebilmektedir.
IATA verilerine gére 2022 yilinda ucak yakiti ve yag giderleri
kiiresel havayolu maliyetlerinin  %28,7'sini  olustururken;
amortisman ve itfa giderleri %9,1, ucus personeli maas ve giderleri
ise %38,6 diizeyinde gergeklesmistir (IATA, 2024a). Bununla birlikte
yakit fiyatlar, Gicretler, bakim kapasitesi, ucak teslimatlar1 ve doviz
hareketleri maliyet kalemlerinin goreli agirligim
degistirebilmektedir. IATA'nmin giincel tahminlerinde isgiicli
maliyetlerinin toplam maliyetler iginde en biiylik kalem haline
geldigi, bakim ve ugak sahipligi maliyetlerinin de yiikseldigi
belirtilmektedir (IATA, 2025).

Bu degisken yapi, jeopolitik riskler ac¢isindan Onem
tasimaktadir. Savaslar, catismalar, hava sahasi kisitlamalari,
yaptirimlar ve diplomatik gerilimler yalmzca tek bir maliyet
kalemini degil; havayolunun ag yapisini, filo kullanimini, ucgus
planlarini, miirettebat planlamasini ve tedarik siireclerini es zamanl
etkileyebilmektedir. Dolayistyla jeopolitik risklerin maliyet etkisi,
dogrudan gider artislarinin yani sira bir maliyet kalemindeki
degisimin diger operasyonel maliyetleri tetiklemesi seklinde de
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ortaya ¢ikmaktadir. Bu nedenle maliyet dayanikliliginin
degerlendirilmesinde maliyetler arasindaki karsilikli etkilesimler
dikkate alinmalidir.

Yakit maliyetleri, havayolu isletmelerinin en O6nemli ve
piyasa kosullarina en duyarh gider kalemlerinden biridir. Jet yakiti
fiyatlar1 ham petrol fiyatlari, rafineri kapasitesi, kiiresel arz-talep
dengesi, enerji piyasalar1 ve jeopolitik risklerden etkilenmektedir
(IATA, 2024b). IATA'min 2025 yili tahminlerinde jet yakitinin
toplam havayolu isletme giderleri ig¢indeki paymin %25,8 olmasi
beklenmistir (IATA, 2025). Hava tagimaciligi yapan sirketler
oldukca hareketli bir sektdorde yer almaktadirlar. Bu sirketler,
uluslararas1 diizeyde calisarak kiiresellesmenin yan etkilerini
derinlemesine deneyimlemektedirler. Siirekli degisim gdsteren
havacilik endiistrisinde yer almak isteyen havayolu firmalari, diger
firmalarla birlesmeler ya da satin almalar gerceklestirip, kiiresel is
birlikleri (One World, Star Alliance ve Sky Team) i¢in girisimlerde
bulunmaktadirlar. Kristjanpoller & Concha’ya (2016: 497) gore
diinya genelindeki ekonomik dalgalanmalarin etkileri havayolu
firmalarina da ulasmakta ve Ozellikle yakit maliyetlerindeki
dalgalanmalar, bu sirketlerin harcama biitcelerinde biiyiik artiglara
sebep olmaktadir.

Jeopolitik riskler yakit maliyetlerini iki temel kanaldan
etkilemektedir. Ilki, enerji arz1 ve petrol fiyatlar: iizerinden ortaya
cikan dogrudan fiyat etkisidir. Enerji iiretim bdlgelerindeki
catigmalar ve tasimaciligi etkileyen giivenlik sorunlari, arz ve fiyat
belirsizligini artirabilmektedir. lkinci kanal ise hava sahasi
kisitlamalari nedeniyle rotalarin uzamasidir. Alternatif giizergahlarin
kullanilmas1 ugus mesafesi ve siiresini artirarak yakit tiiketimini
yukseltebilmektedir. EUROCONTROL verileri, hava sahasi
kapasite sorunlarmin dahi daha uzun rotalara, daha yiiksek yakit
tiketimine ve operasyonel maliyetlere yol acabildigini
gostermektedir (EUROCONTROL, 2024). Catisma bdlgelerine
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iliskin ICAO (2023) yaklasimi da giivenlik degerlendirmeleri
dogrultusunda rota planlarinin yeniden diizenlenmesi gerektiginden
bahsetmektedir. Dolayistyla jeopolitik kaynakli yakit maliyeti
baskis1 yalnizca yakit fiyatindaki artistan ibaret degildir. Rota ve
ugus siiresindeki uzama, ugus basina yakit tiiketimini artirirken ugak
kullanimi, miirettebat planlamast ve baglantili  uguslarin
zamanlamasi lizerinde de ikincil maliyetler yaratabilmektedir.

Isgiicii maliyeti, Ay’a (2012: 326) gore iki ana unsurdan
meydana gelmektedir. Bunlar istthdam vergileri ve iicretlerdir.
Bununla beraber issizlik ile isgiicii maliyeti arasinda genel anlamda
olumlu bir iliski bulunmaktadir. Isgiicii maliyetleri yiikseldikge,
isgiicii talebi diisiis gostermektedir. Isgiicii maliyetlerini azaltmak,
Karabulut’a (2007: 25) gore istihdam iizerinde oldukc¢a faydali
etkiler yaratmaktadir. Onaran & Aydiner-Avsar’a (2006: 1) gore
yiiksek isgiicli maliyetleri, 6zellikle is giicli yogun sektdrlerde isgiicii
talebini azaltarak, issizlik oranim1 artirabilmektedir. Isgiicii
maliyetleri; pilotlar, kabin ekipleri, bakim personeli, yer hizmetleri
ve 1idari personel gibi insan kaynagina iliskin giderleri
kapsamaktadir. Ucret baskilar1 ve nitelikli personel arzindaki kisitlar
nedeniyle bu maliyetlerin agirligi son yillarda artmistir. I[ATA'nin
degerlendirmesine gore isglicii maliyetlerinin 2026 yilinda toplam
havayolu  maliyetlerinin  yaklasitk  %28'ini  olusturmasi
beklenmektedir (IATA, 2025). Jeopolitik riskler isgiicli maliyetlerini
cogunlukla operasyonel kanallar iizerinden etkilemektedir. Hava
sahalarinin kapanmasi veya rotalarin uzamasi, ugus siirelerini ve
miirettebat gorev planlarin1 degistirebilmekte; yedek miirettebat
ithtiyacini, konaklama giderlerini ve gorev degisikliklerini
artirabilmektedir. Ozellikle ugus ve gorev siiresi sinirlamalar
nedeniyle operasyonel planlamanin yasal c¢alisma ve dinlenme
stireleriyle birlikte ele alinmasi gerekmektedir. Bu nedenle jeopolitik
kaynakli maliyet baskisi yalnizca {icret artiglarindan degil, mevcut
miirettebat kapasitesinin daha diisiik verimlilikle kullanilmasindan,
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yedek personel ihtiyacindan ve planlanmamis konaklama ve ulagim
giderlerinden de kaynaklanabilmektedir. Bu durum insan kaynagi
planlamasint maliyet dayanikliliginin stratejik unsurlarindan biri
haline getirmektedir.

Ugak bakim, onarim ve revizyon faaliyetleri (Maintenance,
Repair and Overhaul-—MRO), ucus emniyetinin ve operasyonel
kullanilabilirligin korunmasi agisindan temel bir maliyet alanidir.
Bakim maliyetleri; planli bakim, motor ve komponent bakimlari,
yedek parca tedariki, teknik personel giderleri ve ugaklarin bakim
nedeniyle hizmet disinda kaldigi donemlerin firsat maliyetlerini
kapsamaktadir (Belobaba et al., 2015; Flouris et al., 2009). Jeopolitik
risklerin bakim maliyetleri iizerindeki etkisi Ozellikle kiiresel
havacilik tedarik zinciri {izerinden ortaya ¢ikmaktadir. Uretim ve
teslimat gecikmeleri, yedek par¢a sorunlari1 ve bakim kapasitesindeki
kisitlar, havayollarin1 daha yash ugaklari daha uzun siire kullanmaya
zorlayabilmektedir. IATA, 2025 yilinda havacilik tedarik zinciri
sorunlarinin sektore 11 milyar ABD dolarindan fazla ek maliyet
olusturdugunu ve bunun yaklasik 3,1 milyar dolarinin daha yiiksek
bakim maliyetlerinden kaynaklandigini belirtmektedir (IATA,
2025b).

Parca tedarikindeki jeopolitik sorunlar alternatif tedarikgilere
yonelmeyi, daha uzun lojistik rotalar1 ve yiiksek stok seviyelerini
gerekli kilabilmektedir. Parca bulunabilirliginin azalmas1 ise
ucaklarin yerde kalma siiresini artirarak kapasite kaybina ve ek ugak
veya motor kiralama ihtiyacina yol agabilmektedir. Boylece bakim
maliyetleri dogrudan giderlerin yan sira gelir ve kapasite kayiplari
iizerinden de genislemektedir.

Havayolu isletmeleri ucus faaliyetleri kapsaminda
havalimani isletmecilerine ve hava seyriisefer hizmet saglayicilarina
cesitli kullanim ticretleri 6demektedir. Havalimani ticretleri konma,
park, yolcu hizmetleri ve gilivenlik gibi hizmetleri kapsarken, hava
seyriisefer iicretleri ¢ogunlukla 1Zgus mesafesi ve hava aracinin



agirlig1 dikkate alinarak belirlenmektedir (ICAO, 2025). Bu nedenle
hava sahas1 kapanmalar1 ve rota degisiklikleri yakit tiiketiminin yani
sira seyrisefer licretlerini de etkileyebilmektedir. Alternatif rotalarin
uzamasi, mesafe temelli ticretlendirme uygulanan hava sahalarinda
ek maliyet yaratabilmektedir. Ayrica hava sahasi kapasitesindeki
diisiis, yogunluk ve gecikmeleri artirabilmektedir.
EUROCONTROL (2024), kapasite sorunlarinin daha uzun rotalara
ve buna bagli olarak daha yiiksek yakit ve operasyonel maliyetlere
neden olabildigini belirtmektedir.

Jeopolitik krizlerde alternatif havalimanlarinin kullanilmast
da inig, park, yer hizmetleri, yolcu transferi ve yeniden
konumlandirma gibi planlanmamig giderler dogurabilmektedir.
Boylece hava sahasina iliskin bir gilivenlik karar1 birden fazla
maliyet kalemini ayn1 anda etkileyebilmektedir.

Sigorta giderleri toplam maliyet i¢inde yakit veya isglicii
kadar yiiksek bir paya sahip olmasa da jeopolitik riskler agisindan
stratejik Onem tasimaktadir. Savas, teror ve diger olagan dis1 riskleri
kapsayan havacilik sigortalari, risk algisindaki degisimlere
duyarhdir. Biiylik giivenlik olaylar1 sonrasinda teminat kosullarinin
daralmasi ve primlerin yiikselmesi tarihsel olarak goézlemlenmistir
(Flouris et al., 2009; Freitas, 2013). Jeopolitik risklerin yiikseldigi
donemlerde sigorta sirketleri ve reasiirdrler risk degerlendirmelerini
yeniden yapabilmekte; belirli bolgeler i¢in daha yiiksek prim, daha
diisiik teminat veya 6zel kosullar talep edebilmektedir. ICAO'nun
savas riski sigortasina iligkin ¢alismalar1 da gilivenlik olaylarinin
savas riski teminatinin maliyet ve erisilebilirligini degistirebildigini
gostermektedir. Bu nedenle sigorta maliyetleri kriz donemlerinde
yalnizca gider artis1 degil, belirli bolgelere ucus yapilabilirligini
etkileyen operasyonel bir kisit haline gelebilmektedir.

Ucak sahipligi ve kullanom maliyetleri amortisman,
finansman giderleri ve finansal veya operasyonel kiralama

O0demelerinden olugmaktadir. Ugaklarin yiiksek sermaye degerine
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sahip olmasi ve uluslararasi islemlerin biiyiik 6l¢iide ABD dolart
iizerinden gerceklestirilmesi, kur hareketlerini 6nemli bir maliyet
unsuru haline getirmektedir (Belobaba et al., 2015; Flouris et al.,
2009). Yerel para birimiyle gelir elde eden ancak yakit, kiralama ve
bakim gibi giderleri ABD dolar1 {izerinden gerceklesen
havayollarinda kur hareketleri maliyet baskisini artirabilmektedir.
IATA, kiiresel havayolu maliyetlerinin yaklasik %55—60"1min ABD
dolar1 cinsinden oldugunu tahmin etmektedir (IATA, 2025).
Dolayisiyla jeopolitik gelismelerin déviz piyasalarinda yarattigi
dalgalanmalar operasyonel maliyetlerin yani sira finansal riski de
artirabilmektedir.

Talep diisiisii veya rota iptalleri nedeniyle ucak kullanim
oranlarinin azalmasi ise sahiplik ve kiralama giderlerinin ayn1 6l¢iide
diismesini saglamamaktadir. Boylece toplam maliyetler daha diisiik
iretim kapasitesine dagitilarak birim maliyetlerin yiikselmesine
neden olabilmektedir. Bu baglamda CASK (Cost per Available Seat
Kilometre), kapasite iiretme maliyetinin degerlendirilmesinde
onemli bir gostergedir.

Havayolu operasyonlari; yakit ve teknik pargalarin yani sira
catering, yer hizmetleri, temizlik, giivenlik, bagaj ve diger
girdilerden olusan genis bir tedarik agina baghdir. Jeopolitik
risklerin ticaret yollarini, sinir gegislerini ve uluslararasi tedarik
iligkilerini etkilemesi, bu nedenle maliyet yapisina dogrudan
yanstyabilmektedir. =~ Ambargolar, ihracat kontrolleri, smir
kisitlamalar1 ve tedarike¢i iilkelerdeki Ttretim sorunlari, Kkritik
malzeme ve hizmetlerin alternatif kaynaklardan temin edilmesini
gerektirebilmektedir. Daha pahali tedarik kanallari, uzayan tasima
mesafeleri ve yiiksek stok gereksinimi maliyet artislarina yol
acabilmektedir. [ATA'ya gore ucak teslimatlarindaki gecikmeler ve
parca arzindaki sorunlar, havayollarini daha yasli ugaklar1 uzun siire
isletmeye zorlamakta; bunun sonucunda bakim, motor kiralama ve
yedek parca stok maliyetleri yiikselmektedir (IATA, 2025b).
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Jeopolitik  risklerin ~ maliyet  yapisindaki  Onemli
ozelliklerinden biri, dogrudan giderlerin yaninda zincirleme ve
dolayli maliyetler yaratmasidir. Hava sahasinin kapanmasi veya
ucusun iptali; yakit ve personel giderlerinin yani sira u¢agin sonraki
ucuslarii, miirettebat planlarini, baglantili  yolculart ve ag
genelindeki programi etkileyebilmektedir. Bu nedenle operasyonel
aksama yoOnetimi maliyet dayanikliliginin temel unsurlarindandir
(Belobaba et al., 2015). Ik maliyet grubu yolcu hizmetleri ve yasal
yiikiimliiliiklerdir. Iptal ve wuzun siireli gecikmeler yeniden
rezervasyon, konaklama, yiyecek-igecek ve alternatif ulagim
hizmetlerini gerektirebilmektedir. Avrupa Birligi'nde yiiriirliikte
bulunan 261/2004 sayili Tiiziik, belirli kosullarda iptal ve
gecikmelerde yolculara yardim ve tazminat saglanmasina iligkin
yiikiimliiliikler getirmektedir (European Parliament & Council of the
European Union, 2004). Olaganiistii kosullar baz1 tazminat
yiikiimliiliiklerini etkileyebilse de yolcuya saglanan yardim ve
yeniden yonlendirme maliyetleri kriz donemlerinde 6nemli giderler
yaratabilmektedir.

Ikinci maliyet grubu ucak ve miirettebatin yeniden
konumlandirilmasidir. Tek bir ugusun gecikmesi, sonraki ucuslarda
ucak ve miirettebatin planlanan konumda bulunamamasina neden
olarak ekip degisiklikleri, ugak degisimleri, ek konaklama, slot
diizenlemeleri ve yeniden planlama maliyetleri yaratabilmektedir.
Boylece tek bir noktadaki operasyonel aksama agmn diger
boliimlerine yayilarak toplam maliyeti artirabilmektedir.

Son olarak operasyonel aksakliklar gelir ve kapasiteyi de
etkileyebilmektedir. Ucaklarin yerde kalmasi veya uguslarin iptali,
kapasitenin kullanilamamasina ve sabit veya yar1 sabit maliyetlerin
daha az iiretim birimine dagitilmasina yol agmaktadir. Bu durum
birim maliyetlerin yiikselmesine ve finansal esnekligin azalmasina
neden olabilmektedir. Dolayisiyla jeopolitik kaynakli aksamalar
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yalnizca ek gider yaratmamakta, mevcut kapasitenin verimliligini de
diisiirmektedir.

Sonu¢ olarak havayolu maliyet yapisi, bagimsiz gider
kalemlerinin toplamindan ziyade birbirini etkileyen dinamik bir
sistem olarak degerlendirilmelidir. Jeopolitik bir risk, hava sahasi
kisitlamasi olarak ortaya ¢ikarken rota uzamasiyla yakit tiikketimini,
ugus siiresinin artmasiyla miirettebat planlamasini, alternatif meydan
kullanimiyla havaliman1 ve yer hizmetleri giderlerini, tedarik
sorunlartyla bakim maliyetlerini ve operasyonel aksamalarla yolcu
hizmetleri ile kapasite maliyetlerini es zamanli etkileyebilmektedir.
Bu nedenle maliyet dayanikliligi, yalnizca maliyetleri diisiirme
kapasitesi degil; digsal soklarin maliyet yapisindaki zincirleme
etkilerini Ongdrme, absorbe etme ve operasyonlar1 yeniden
yapilandirabilme kapasitesi olarak ele alinmalidir. Bu yaklagim,
onleyici ve tepkisel maliyet yonetimi uygulamalarinin teorik ve
operasyonel temelini olusturmaktadir.

Havayolu Operasyonlarinda Maliyet Dayamkhhg:

Havayolu tagimaciliginda maliyet yonetimi, yalnizca
operasyonel verimliligin artirilmasi ve giderlerin azaltilmasina
yonelik statik bir faaliyet degildir. Sektoriin yiliksek sermaye
yogunlugu, kiiresel tedarik aglarma  bagimhiligi, talep
dalgalanmalarina agiklig1 ve jeopolitik, ekonomik ve operasyonel
soklara  duyarliligi, isletmelerin  beklenmeyen  kosullarda
faaliyetlerini siirdiirebilme kapasitesini stratejik bir gereklilik haline
getirmektedir. Bu baglamda dayaniklilik, havayolu isletmelerinin
krizleri atlatmanin yani sira soklar1 absorbe etme, faaliyetlerini
yeniden yapilandirma ve kriz sonrasinda dgrenerek uyum saglama
kapasitesini ifade etmektedir (Duchek et al., 2020).

Dayaniklilik kavrami baglangigta ekolojik sistemlerin digsal
degisimlere kars1 kendini koruyabilme kapasitesini agiklamak tizere
kullanilmis, daha sonra miihendislik, 6rgiit yonetimi, tedarik zinciri
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ve operasyon yonetimi gibi alanlara aktarilmistir. Orgiitsel
dayaniklilik, kuruluslarin belirsizlik ve kriz kosullarinda temel
islevlerini siirdiirebilmesi ve degisen c¢evre kosullarina uyum
saglayabilmesi olarak ele alinmaktadir. Duchek et al. (2020),
orgiitsel dayanikliligit 6ngérme, basa ¢ikma ve uyum saglama
stiregleri lizerinden agiklamaktadir. Buna gore dayaniklilik yalnizca
kriz sonrasinda toparlanma kapasitesi degil, kriz 6ncesi hazirligi ve
kriz sirasinda kaynaklarin yeniden diizenlenmesini de igeren
dinamik bir yetenektir.

Havayolu isletmeleri agisindan dayaniklilik ¢ok boyutlu bir
yapt gostermektedir. ilk boyut operasyonel dayanikliliktir.
Operasyonel dayaniklilik, beklenmeyen kesintiler karsisinda hizmet
stirekliliginin korunmasi ve operasyonlarin kabul edilebilir
performans diizeyinde yeniden tesis edilmesiyle iliskilidir. Hava
sahas1 kapanmalari, teknik arizalar, miirettebat yetersizlikleri,
grevler ve jeopolitik catismalar zincirleme operasyonel aksamalara
yol agabilmektedir. Ozellikle ag yapisina dayali havayollarinda bir
ucusta meydana gelen aksamanin sonraki ucuslara aktarilmasi,
bozulmanin ag genelinde biiylimesine neden olabilmektedir.
Havayolu aglarinin dayaniklilig1 tizerine yapilan c¢alismalar,
gecikme anomalileri ve biiylik o6lcekli olaylarin agin farkh
boliimlerinde farkli etkiler yaratabildigini gdstermektedir (Wong et
al., 2020). Giincel caligmalar da operasyonel dayanikliligi 6ngérme,
soku absorbe etme, uyum saglama ve toparlanma siireglerinin
birlikte degerlendirildigi biitlinlesik bir yap1 olarak ele almaktadir
(Tsiakalos & Poulaki, 2026).

Ikinci boyut finansal dayamikliliktir. Havayollarmmn yiiksek
sabit maliyetleri, sermaye gereksinimleri, yakit fiyatlarindaki
oynaklik, doviz kuru riski ve talep dalgalanmalar1 digsal soklara
kars1 finansal hassasiyet yaratmaktadir. Finansal dayaniklilik, gelir
veya maliyetlerdeki ani degisimler karsisinda isletmenin likiditesini,
bor¢ 6deme kapasitesini ve operasyonlarini siirdiirebilme yetenegini
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koruyabilmesi anlamina gelmektedir. COVID-19 krizi, kapasite
azaltma, maliyet kisma, filo kiicliltme ve finansal destek
mekanizmalarina bagvurma gibi stratejiler araciligryla bu boyutun
Onemini ortaya koymustur (Budd et al., 2020; Sun et al., 2021). Bu
nedenle  finansal  dayanmiklilik,  operasyonel faaliyetlerin
stirdiiriilebilirligini destekleyen temel kosullardan biridir.

Ucgiincii boyut tedarik zinciri dayanikliligidir. Havayollari;
ucak, motor ve komponent iireticileri, MRO kuruluslari, yakit
tedarikcileri, yer hizmetleri isletmeleri ve lojistik hizmet
saglayicilarindan olusan kiiresel bir tedarik ekosistemine baglidir.
Bu nedenle tek bir tedarik zincirindeki kirilma operasyonel
kapasiteyi  dogrudan  etkileyebilmektedir. = Tedarik  zinciri
dayaniklilig1, kesinti sonrasinda sistemin kabul edilebilir performans
diizeyine donebilmesi ve gerektiginde mevcut yapiy1 degistirerek
yeni kosullara uyum saglayabilmesi kapasitesidir. Ucak teslimatlari,
motor ve yedek parca tedariki ile bakim kapasitesindeki sorunlar bu
boyutun Onemini artirmaktadir. Tedarik zinciri aksakliklarinin
ucaklarin yerde kalma siirelerini ve bakim giderlerini artirmasi,
kapasite kullanimini diistirmesi, tedarik zinciri dayamkliligini
dogrudan maliyet dayanikliligiyla iliskilendirmektedir.

Bu ¢ boyutun kesisiminde maliyet dayaniklilig1 ortaya
cikmaktadir. Bu c¢alismada maliyet dayaniklili§i, havayolu
isletmesinin digsal bir sok sonucunda olusan maliyet artiglarini
ongorebilme, absorbe edebilme, maliyet yapisin1 yeniden
diizenleyebilme ve operasyonlarmi kabul edilebilir bir maliyet
diizeyinde siirdiirebilme kapasitesi olarak kavramsallastirilmaktadir.
Bu tanim, maliyet dayamkliligimi  geleneksel  maliyet
minimizasyonundan ayirmaktadir. Maliyet minimizasyonu normal
kosullarda  giderlerin  azaltilmasina  odaklanirken, maliyet
dayanikliligr belirsizlik ve kriz kosullarinda maliyetlerin nasil
yonetilecegine odaklanmaktadir. Bu nedenle dayanikli maliyet
yapist her zaman en diisiik maliyetli yap1 degildir. Yedek kapasite,
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alternatif tedarikg¢i, ilave yakit planlamasi, likidite rezervi veya esnek
filo kapasitesi kisa vadede maliyetleri artirsa da kriz donemlerinde
daha biiyiik kayiplarin 6nlenmesini saglayabilmektedir.

Maliyet dayanikliliginin temel unsurlar1 Ongoriilebilirlik,
esneklik, absorbe edebilme kapasitesi ve yeniden yapilandirma
yetenegidir. Ongoriilebilirlik, jeopolitik risklerin maliyet yapisi
iizerindeki etkilerinin 6nceden izlenmesini; esneklik, kaynaklarin
degisen kosullara gore yeniden diizenlenmesini; absorbe edebilme
kapasitesi, maliyet soklarinin isletmenin finansal ve operasyonel
yapisini bozmasinit onleyecek tamponlarin bulunmasini; yeniden
yapilandirma ise kriz kosullar1 kalic1 hale geldiginde ag, filo, tedarik
ve maliyet yapisinin yeni kosullara uyarlanmasini ifade etmektedir.
Bu yaklasim, dayanikliligi yalnizca eski duruma donme
kapasitesiyle smirlamamaktadir. Nitekim Orgilitsel dayaniklilik
literatiirii, kriz sonrasinda yeni kosullara uyum saglayarak farkli bir
denge olusturmanin da dayanikliligin 6nemli bir unsuru oldugunu
vurgulamaktadir (Duchek et al., 2020).

Havayolu yonetiminde maliyet dayanikliliginin 6nemi,
maliyetlerin  birbirinden  bagimsiz  hareket etmemesinden
kaynaklanmaktadir. Jeopolitik bir catisma nedeniyle hava sahasinin
kapanmasi, alternatif rota kullanimini gerektirebilir; rota degisikligi
yakat tiiketimini ve ugus siiresini artirirken miirettebat planlamasini
etkileyebilir. Ayni olay baglantili uguslarda gecikmelere, alternatif
havalimanlarinin kullanimina ve yolcu yeniden yonlendirmelerine
yol acarak farkli maliyet kalemlerinde baski olusturabilir. Boylece
tek bir jeopolitik sok; yakit, miirettebat, havalimani, bakim, yer
hizmetleri ve yolcu hizmetleri maliyetlerini es zamanl etkileyebilir.
ICAO da hava tasimaciligindaki kesintilerin jeopolitik gerilimlerden
silahli ¢atismalara ve siber saldirilara kadar genisleyebildigini ve
dayanikliligin hazirlik, miidahale ve toparlanma siiregleriyle birlikte
ele alinmasi gerektigini vurgulamaktadir (ICAO, 2024).
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Bu cercevede maliyet dayanikliligi, yalnizca kriz sonrasinda
maliyetleri azaltmaya yonelik tepkisel bir yaklagim olarak
goriilmemelidir.  Onleyici ve tepkisel kapasitenin birlikte
gelistirilmesi gerekmektedir. Onleyici kapasite; jeopolitik risklerin
izlenmesi, senaryo analizleri, yakit ve doviz risklerinin yonetimi,
alternatif tedarik kaynaklariin gelistirilmesi, filo ve ag esnekliginin
artirilmasi ve finansal tamponlarin olusturulmasini kapsamaktadir.
Tepkisel kapasite ise kriz sonrasinda rota ve filo planlarinin yeniden
diizenlenmesi, kapasitenin farkli pazarlara kaydirilmasi, tedarik
zincirinin alternatif kaynaklara yonlendirilmesi ve operasyonel
maliyetlerin kontroliinii icermektedir. Boylece dayaniklilik, pasif bir
krize dayanma Ozelliginden ziyade stirekli gelistirilen bir yonetim
kapasitesi olarak degerlendirilmektedir.

Sonu¢  olarak  havayolu operasyonlarinda  maliyet
dayanikliligi;  operasyonel, finansal ve tedarik  zinciri
dayanikliliginin kesisiminde ortaya ¢ikan biitiinlesik bir yonetim
kapasitesidir. Bu kapasite, maliyet artislarina katlanmanin 6tesinde,
maliyet soklarinin kaynaklarini 6nceden degerlendirmeyi, etkileri
smirlandirmayr  ve gerektiginde operasyonel yapiy1r yeniden
diizenlemeyi miimkiin kilmaktadir. Jeopolitik risklerin hava sahasi,
enerji piyasalari, doviz kurlari, tedarik zincirleri ve talep kosullari
lizerinden es zamanli etkide bulunabilmesi, maliyet dayanikliligim
havayolu yonetiminde stratejik bir yetenek haline getirmektedir. Bu
nedenle Onleyici ve tepkisel yaklagimlarin temel amaci yalnizca
maliyetleri azaltmak degil, jeopolitik soklar altinda maliyet yapisinin
stirdiiriilebilirligini ve operasyonel devamlilig1 giivence altina almak
olmalidir.

Jeopolitik Risklere Kars1 Onleyici Yonetim Yaklasimlari

Jeopolitik risklerin havayolu operasyonlar1 {izerindeki
etkilerinin sinirlandirilmasinda temel yaklasim, risk gergeklesmeden
once operasyonel ve finansal hazirlik kapasitesinin gelistirilmesidir.
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Onleyici yonetim, olasi tehditlerin dnceden belirlenmesini ve
isletmenin  bu tehditlere karst alternatif hareket alanlari
olusturmasin1  amacglamaktadir. Bu yaklagim; hava sahasi
kapanmalari, bolgesel c¢atigmalar, enerji arzindaki kesintiler,
yaptirimlar ve tedarik sorunlar1 gibi birden fazla operasyonel unsuru
etkileyebilen riskler acisindan 6nem tasimaktadir. ICAO, catisma
bolgelerinde giincel risk bilgilerinin paylagilmasini ve hava yolu
isletmelerinin kendi risk degerlendirmelerini gerceklestirerek
bunlar1 rota ve operasyon planlamasina dahil etmesini
ongormektedir (ICAO, 2023).

Jeopolitik risklere karsi temel Onleyici araglardan biri,
havayolu aginin alternatif rotalar ve havalimanlar1 {izerinden
yeniden yapilandirilabilmesini saglayacak operasyonel esnekligin
olusturulmasidir. Hava sahasinin kapanmasi durumunda alternatif
rotalarin 6nceden belirlenmesi, kriz sirasinda karar alma siiresini
kisaltarak operasyonlarin siirekliligini destekleyebilir. Ancak rota
planlamasinda yalnizca giivenlik degil; ugus siiresi, yakit tiiketimi,
seyriisefer iicretleri, miirettebat gorev siireleri ve baglantili uguslar
iizerindeki etkiler de dikkate alinmalidir. Alternatif havalimanlarinin
da pist ve terminal kapasitesi, yakit ikmali, yer hizmetleri, slot
erisimi  ve yolcu transfer olanaklar1 acisindan Onceden
degerlendirilmesi  gerekmektedir.  BoOylece  kriz  anindaki
yonlendirmelerin teknik oldugu kadar maliyet ve hizmet siirekliligi
acisindan da uygulanabilir olmasi saglanabilir. Bu dogrultuda
operasyonel planlama, farkli risk seviyelerine yonelik alternatif
senaryolar lizerinden ytiriitiilmelidir. Nitekim havayolu operasyonel
dayanikliligima iligkin c¢aligmalar, jeopolitik soklarin rota
degisiklikleri ve operasyonel agin yeniden yapilandirilmasi yoluyla
yoOnetilebildigini gostermektedir (Kaya et al., 2026).

Onleyici maliyet dayanikliliginin bir diger unsuru, filonun ve
kapasitenin degisen operasyonel kosullara uyarlanabilmesidir. Farkli
menzil, kapasite ve yakit tliketimi Ozelliklerine sahip ucaklardan
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olusan filo, kriz kosullarinda rota ve kapasite degisikliklerinin
yonetilmesini kolaylastirabilir. Ozellikle uzun alternatif rotalarda
menzili yiiksek ve yakit verimliligi daha iyi ugaklarin kullanilmasi,
operasyonel ve maliyet baskisini sinirlandirabilir. Filo esnekligi
yalnizca ugak tipi g¢esitliligini degil, kiralama so6zlesmelerinin
esnekligini, ucaklarin farkli pazarlara tahsis edilebilmesini ve
kapasitenin gerektiginde artirilip azaltilabilmesini de kapsamaktadir.
Bu nedenle kisa ve orta vadeli kiralama segenekleri, kapasite
paylasimi ve esnek sozlesme kosullari, krizlere hazirlik acgisindan
onemli araglar olarak degerlendirilebilir.

Jeopolitik risklerin maliyet yapisina aktarilmasinda tedarik
zinciri 6nemli bir kanaldir. Tek bir tilke, bolge veya tedarik¢iye asir
bagimlilik, kriz donemlerinde alternatif kaynaklara erisimi
siirlandirabilir. Bu nedenle kritik ugak pargalari, teknik hizmetler,
yer hizmetleri ve diger operasyonel girdiler bakimindan tedarik¢i
cesitlendirmesi, 6nleyici maliyet dayanikliliginin temel araglarindan
biridir. IATA'nin degerlendirmeleri, havacilik tedarik zincirindeki
sorunlarin operasyonel ve finansal baski olusturdugunu ve tedarik
zincirl  gorlnilrligiiniin  gelistirilmesinin 6nemini gostermektedir
(IATA, 2026a). Yakit risk yonetimi ise hem fiziksel arz giivenligini
hem de fiyat riskini kapsamaktadir. Alternatif yakit tedarikgileri ve
ikmal noktalarinin belirlenmesi bolgesel arz kesintilerinin etkisini
azaltabilirken, finansal riskten korunma araglar1 yakit fiyatlarindaki
oynakligin mali etkisini sinirlayabilir. IATA, hedging uygulamalarini
fiyat dalgalanmalarinin finansal etkisini azaltmaya yonelik
araglardan biri olarak degerlendirmektedir (IATA, 2026c¢). Bununla
birlikte hedging fiziksel arz sorunlarin1 ortadan kaldirmadigindan,
finansal risk yonetimi ile fiziksel tedarik gilivenligi birlikte ele
alinmalidir.

Onleyici ydnetimin biitiinlestirici boyutu, jeopolitik risklerin
stirekli izlenmesi ve erken uyar1 mekanizmalarinin karar siireclerine
dahil edilmesidir. Siyasi gelismeler, ¢catisma yogunlugu, hava sahasi
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kisitlamalari, enerji piyasalari, doviz hareketleri, yaptirimlar ve
tedarik zinciri gostergelerinin izlenmesi, risk gerceklesmeden 6nce
operasyonel tedbirlerin alinmasima imkan saglayabilir. ICAO da
giincel risk bilgilerinin devletler, hava yolu isletmeleri ve hava
seyriisefer hizmet saglayicilari arasinda paylagilmasini  ve
operasyonel risk degerlendirmelerine yansitilmasini éngérmektedir
(ICAO, 2023). Erken uyar1 sistemlerinin etkinligi, tiretilen bilgilerin
belirli karar esikleriyle iliskilendirilmesine baglidir. Ornegin hava
sahas1 riskinin yiikselmesi alternatif rota hazirliginmi, yakit arz
gostergelerinin  kritik  seviyeye wulagmasi alternatif tedarik
noktalarinin  kullanimini, kritik komponent bulunabilirliginin
azalmasi ise Oncelikli stok veya alternatif tedarik¢i kullanimini
tetikleyebilir. Boylece risk izleme, pasif bir raporlama faaliyetinden
aktif bir karar destek sistemine doniismektedir.

Bu yaklagimin tamamlayici unsuru senaryo planlamasidir.
Havayolu isletmeleri jeopolitik riskleri farkli siddet ve siirelerde
ortaya ¢ikabilecek gelismeler iizerinden degerlendirmeli; rota
uzunlugu, yakit maliyeti, ugak ve miirettebat kullanilabilirligi,
alternatif havalimanlari, tedarik stireleri ve nakit akis1 gibi
degiskenleri birlikte ele almalidir. Boylece kriz sirasinda yalnizca
tepki verilmesi yerine onceden belirlenmis segenekler arasindan
hizli karar alinmas1 miimkiin olur. Sonug olarak jeopolitik risklere
karsi Onleyici yOnetim; esnek rota ve havalimani segenekleri,
uyarlanabilir filo ve kapasite yapisi, cesitlendirilmis tedarik
kaynaklari, yakit risk yonetimi, erken uyar1 mekanizmalar1 ve
senaryo planlamasinin  biitlinlesik  bicimde uygulanmasini
gerektirmektedir. Amagc jeopolitik soku tamamen ortadan kaldirmak
degil, sok ger¢eklestiginde havayolunun operasyonel segeneklerini
ve maliyet yonetme kapasitesini koruyabilmesidir. Bu nedenle
onleyici yonetim, maliyet dayanikliliginin kriz 6ncesindeki temel
bileseni olarak degerlendirilebilir.
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Jeopolitik Riskler Gergeklestiginde Tepkisel Yonetim
Yaklasimlarn

Jeopolitik riskin  gerceklesmesiyle birlikte havayolu
isletmeleri, dnceden olusturulan risk azaltma planlarindan gergek
zamanli operasyonel karar alma silirecine ge¢mektedir. Hava
sahasinin kapanmasi, catisma ortaminin olugmasi veya belirli
bolgelere iligkin glivenlik risklerinin artmasi, ugus aginin kisa siirede
yeniden diizenlenmesini gerektirebilmektedir. Bu asamada temel
amag, operasyonlar1 tamamen eski haline getirmekten ziyade mevcut
kaynaklar1 yeniden tahsis ederek giivenli ve ekonomik acidan kabul
edilebilir bir operasyon diizeyi olusturmaktir. Havayolu
literatiiriinde bu siireg; ugus, ugak, miirettebat ve yolcularin yeniden
planlanmasini igeren biitiinlesik bir toparlanma problemi olarak ele
alimmaktadir (Clausen et al., 2010; Hassan et al., 2021).

Jeopolitik sokun ilk operasyonel sonuglarindan biri ugus
rotalarinin  degistirilmesidir. Hava sahasimin  kullanilamamasi
durumunda  alternatif  koridorlarin  veya  havalimanlarinin
kullanilmas1 gerekebilir. Ancak rota degisikligi yalnizca giivenli bir
giizergdhin belirlenmesini degil; ucgus siiresi, yakit tiketimi,
mirettebat gorev siiresi, baglantili uguslar ve ucgagin sonraki
gorevleri  lizerindeki etkilerin  birlikte  degerlendirilmesini
gerektirmektedir. Rosenberger et al. (2003), operasyonel kesintiler
sonrasinda ugaklarin ve ugus bacaklarinin yeniden diizenlenmesinin
iptal ve yeniden konumlandirma maliyetleriyle birlikte ele alinmasi
gerektigini gostermektedir.

Hava sahasi kisitlamalarinin uzamasi halinde alternatif
havalimanlarmin kullanilmasi da 6nemli bir tepkisel aractir. Ancak
bu karar; slot, yer hizmetleri, yakit, yolcu transferi ve u¢agin sonraki
ucus plani gibi unsurlar dikkate alinarak verilmelidir. Lee et al.
(2020), havaalan1 operasyonlarindaki belirsizliklerin gecikme, iptal
ve baglanti kayiplarina yol agabildigini ve toparlanma kararlarmin

bu etkileri birlikte degerlendirmesi gerektigini ortaya koymaktadir.
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Ugus iptali veya frekans azaltma da kriz donemlerinde 6nemli bir
kapasite yonetimi aracidir. Her ugusun gergeklestirilmesi, 6zellikle
rota uzamasi ve kaynak kisitlarinin bulundugu kosullarda toplam
maliyeti artirabilir. Su et al.’a (2021) gore iptal, kaynaklarin ugusu
gergeklestirmeye elverisli olmadigi veya gecikme maliyetinin kabul
edilebilir smirlar1 astigi durumlarda kullanilan temel toparlanma
araclarindan biridir.

Jeopolitik kriz sonrasinda temel sorunlardan biri, mevcut
ucak ve kapasitenin yeni kosullara gore yeniden dagitilmasidir. Hava
sahas1 veya destinasyon kisitlamalar1 baz1 hatlarda kapasite fazlasi,
bazi hatlarda ise ucak ihtiyaci yaratabilir. Bu nedenle filo yonetimi,
statik planlamadan dinamik bir kaynak tahsisi problemine
doniismektedir. Ugak tipi degisikligi bu silirecte 6nemli bir aragtir.
Uzun rotalarda menzil ve yakit kapasitesi uygun ugaklarin, talebin
azaldig1 hatlarda ise daha diisiik kapasiteli ugaklarin kullanilmasi
kapasitenin yeniden dengelenmesini saglayabilir. Havayolu
toparlanma modelleri, ucak atamasi, ucak degisimi ve rota
diizenlemelerinin toplam maliyetin smirlandirilmasinda temel
kararlar oldugunu gostermektedir (Clausen et al., 2010; Su et al.,
2021).

Miirettebat planlamasi ise ucak toparlanmasiyla birlikte ele
alimmalidir. Rota ve ucus siiresindeki degisiklikler planlanan
gorevlerin uygulanabilirligini ortadan kaldirabileceginden, ekiplerin
yeniden atanmasi, konumlandirilmas1t veya yedek ekiplerin
kullanilmas1 gerekebilir. Lettovsky et al. (2000), kriz sonrasi
miirettebat toparlanmasinin giivenlik ve ¢alisma kurallarina uyarken
operasyonel bozulma ve yeniden atama maliyetlerini sinirlandirmay1
amacladigin1 gostermektedir. Rezerv miirettebat kullanimindaki
esnekligin de ucgus iptallerini ve son dakika degisikliklerini
azaltabildigi belirtilmektedir (Schrotenboer et al., 2023). Bu nedenle
ucak ve miirettebat yonetimi birbirine bagli bir kaynak tahsisi
problemi olarak ele alinmalidir (Wang et al., 2025).
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Jeopolitik risk gerceklestiginde yalnizca ugus agi degil,
tedarik yapist da yeniden diizenlenebilir. Sinir kisitlamalari,
yaptirimlar, lojistik yollarin  kesilmesi veya tedarik¢ilerin
faaliyetlerini siirdiirememesi durumunda alternatif tedarikgilere ve
bolgesel kaynaklara yonelmek gerekebilir. Bu siliregte amag, tedarik
zincirinin normal yapisin1 korumaktan ziyade kritik girdilerin
mimkiin olan en diisilk toplam operasyonel maliyetle temin
edilmesini saglamaktir. Wang et al. (2025), ABD havayolu sektoriine
iligkin calismalarinda tedarik stratejilerinin dissal kesinti riskleriyle
iligkisini incelemis ve havayollarinin uzun dénemli tedarik iliskileri
veya birden fazla tedarik kaynagi gibi farkli stratejiler
kullanabildigini  goOstermistir.  Bununla  birlikte  tedarikgi
cesitlendirmenin her durumda ayni dl¢lide fayda saglamadigi ve
mevecut iligkilerin yapisinin toparlanma kapasitesini etkiledigi ortaya
konulmustur. Bu nedenle kriz sirasinda alternatif tedarik¢i sec¢imi;
fiyat, kalite, giivenilirlik, teslim siiresi, lojistik maliyeti ve mevcut
sozlesmelerle uyumluluk gibi unsurlar birlikte degerlendirilerek
yapilmalidir.

Jeopolitik kriz donemlerinde maliyet kontrolii, olagan
donemlerdeki gider azaltma politikalarindan farkhidir. Bazi
maliyetlerin azaltilmas1 operasyonel riski artirabilirken, ilave
maliyetler operasyonun devamliligimi saglayabilir. Ornegin daha
fazla yakit tiikketen alternatif bir rota, ugusun iptal edilmesinden
kaynaklanabilecek yolcu, baglant1 ve kapasite kayiplarindan daha
diisiik bir toplam maliyet yaratabilir. Bu nedenle tepkisel maliyet
yonetiminde temel Olgiit, tek bir gider kalemini azaltmak degil,
toplam toparlanma maliyetini kontrol etmektir. Havayolu yonetim
arastirmalari, toparlanma siirecinde ugak, miirettebat ve yolcu
kaynaklarinin birlikte degerlendirilmesinin maliyet minimizasyonu
acisindan onemli oldugunu gostermektedir (Clausen et al., 2010;
Hassan et al, 2021). Ucak degisimi, ucus iptali, gecikme,
miirettebatin yeniden konumlandirilmas1 ve yolcularin alternatif
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ucuslara aktarilmasi birbirinden bagimsiz kararlar degildir. Bir
kararin sagladigi maliyet avantaji, agin baska bir boliimiinde daha
yilksek maliyet yaratabilir. Bu nedenle kriz yonetiminin ag
genelindeki toplam maliyet ve operasyonel sonuglar tizerinden
yliriitiilmesi gerekmektedir.

Bu yaklasim, jeopolitik risk gerceklestiginde maliyet
dayanikliligimin temel niteligini ortaya koymaktadir. Tepkisel
yonetim, kriz kaynakli maliyetleri tamamen ortadan kaldirmayi
degil; simirli kaynaklarin yeniden tahsisi yoluyla maliyet artisini
kontrol altinda tutmayr ve operasyonlarin siirdiiriilebilirligini
saglamay1 amaglamaktadir. Son donem arastirmalarinda da havayolu
diizensiz operasyonlarinin birbirine bagl bir kapasite-talep problemi
olarak ele alinmasi ve yerel toparlanma kararlarinin agin diger
boliimlerinde sonuglar dogurabilecegi vurgulanmaktadir (2026).

Sonu¢ olarak jeopolitik risk gerceklestiginde tepkisel
yonetim kapasitesi; rota ve havalimanlarinin yeniden diizenlenmesi,
kapasitenin ayarlanmasi, ucak ve miirettebatin yeniden tahsisi,
tedarik  kaynaklarmmin  degistirilmesi ve toplam toparlanma
maliyetinin kontrolii lizerinden sekillenmektedir. Amag, normal
operasyon planin1 korumaya c¢alismak yerine degisen kosullar
altinda giivenli ve ekonomik acidan siirdiiriilebilir yeni bir
operasyonel denge olusturmaktir. Bdylece onleyici ve tepkisel
yaklasimlar, havayolu isletmesinin jeopolitik soklara kars
biitiinlesik maliyet dayanmikliliginin iki tamamlayict boyutunu
olusturmaktadir.

Havayolu Operasyonlarinda Onleyici ve Tepkisel Yaklasimlarin
Degerlendirilmesi

Jeopolitik risklerin havayolu operasyonlar1 {izerindeki
etkilerinin ydnetilmesinde Onleyici ve tepkisel yaklasimlar,
birbirinden bagimsiz iki yonetim bicimi olarak degil, ayni risk
yonetimi  slirecinin  birbirini tamamlayan asamalar1 olarak
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degerlendirilmelidir. Onleyici yaklasim, heniiz gerceklesmemis bir
riskin operasyonel ve finansal etkilerini sinirlandirmak amaciyla
alternatiflerin, kaynak tamponlarinin ve karar mekanizmalarinin
onceden olusturulmasina dayanirken; tepkisel yaklagim, gerceklesen
sokun mevcut operasyon yapisinda meydana getirdigi bozulmanin
giderilmesine ve kaynaklarin yeni kosullara gore yeniden tahsis
edilmesine odaklanmaktadir. Havayolu yoOnetim literatiiriinde de
operasyonel kesintilerin yonetimi; ucak, miirettebat, ucus programi
ve yolcu kaynaklarinin birlikte yeniden diizenlenmesini gerektiren
biitiinlesik bir problem olarak ele alinmaktadir (Clausen et al., 2010).

Bu iki yaklasim arasindaki temel farklilik, zamanlama ve
belirsizligin yonetilme bi¢iminde ortaya ¢ikmaktadir. Onleyici
yonetim, risk gergeklesmeden oOnce belirsizligin olasi etkilerini
sinirlandirmaya ve isletmenin karar segeneklerini genisletmeye
calisirken; tepkisel yonetim, belirsizligin ger¢eklesmesinden sonra
mevcut kosullara uyum saglamaya ve operasyonu yeniden
dengelemeye yonelmektedir. Ornegin alternatif bir ucus rotasinin
onceden belirlenmesi ve operasyonel acidan dogrulanmasi onleyici
bir uygulama niteligindedir. Hava sahasinin gergekten kapanmasi
sonrasinda sO6z konusu rotanin devreye alinmasi ise tepkisel bir
karara dontismektedir. Benzer bicimde, alternatif tedarik¢ilerin
onceden belirlenmesi tedarik zinciri dayanikliligini artirirken,
mevcut tedarik¢inin kriz nedeniyle kullanilamamas1 {izerine
alternatif tedarik¢iye gecilmesi tepkisel yonetim kapsaminda
degerlendirilmektedir. Dolayisiyla onleyici kapasite, kriz sirasinda
kullanilabilecek tepkisel seceneklerin kapsamini genisleten bir
altyap1 olusturmaktadir.

Onleyici ve tepkisel araglarin agirhigi, jeopolitik riskin ortaya
¢ikis bicimine ve isletmeye miidahale i¢in biraktigi zamana gore
degismektedir. Gelisimi belirli 6l¢iide izlenebilen ve olasi etkileri
konusunda 6nceden bilgi edinilebilen risklerde onleyici planlama
daha fazla 6nem kazanmaktadir. Hava sahasinda gerilimin kademeli
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bicimde yiikselmesi, belirli bir bolgeye yonelik yaptirim ihtimalinin
artmas1 veya enerji arzinda bozulma sinyallerinin ortaya ¢ikmasi gibi
durumlarda alternatif rotalarin, tedarik kaynaklarinin ve kapasite
planlarinin 6nceden hazirlanmasi isletmeye operasyonel hareket
alan1 saglayabilmektedir. Buna karsilik ani gelisen ¢atismalar,
beklenmedik hava sahasi kapanmalar1 veya kisa siirede ortaya ¢ikan
giivenlik tehditleri, onceden hazirlanan planlarin  kapsamini
asabilmektedir. Bu durumda rota degisikligi, ucus iptali, ugak ve
miirettebatin ~ yeniden = konumlandirilmast  veya  alternatif
havalimanlarimin  kullanilmasi gibi tepkisel araglar on plana
cikmaktadir. Dolayisiyla yonetim yaklagiminin belirlenmesinde
yalnizca riskin potansiyel biiylikligi degil, riskin gelisim hizi,
etkisinin siiresi ve isletmeye miidahale i¢in biraktigi zaman da
dikkate alinmalidir. Bu agidan dnleyici ve tepkisel yonetim arasinda
kesin bir ayrim bulunmamaktadir. Ayn1 uygulama risk yonetimi
siirecinin farkli asamalarinda farkli nitelik kazanabilmektedir.
Ornegin alternatif havalimanlarinin énceden belirlenmesi énleyici
bir dayaniklilik  uygulamasi  iken, kriz swrasinda  bu
havalimanlarindan birinin fiilen kullanilmasi tepkisel operasyon
yonetiminin parcasidir. Bu durum, iki yaklasimin ayr siireglerden
ziyade Dbirbirine bagli bir yOnetim dongiisii icerisinde
degerlendirilmesi gerektigini gostermektedir.

Onleyici  yaklasgtmin  temel avantaji, kriz aninda
kullanilabilecek alternatiflerin 6nceden belirlenmesi sayesinde karar
alma siirecinin hizlandirilmas1 ve operasyonel belirsizligin
azaltilmasidir. Alternatif tedarikgilerin belirlenmesi, esnek filo
kapasitesinin olusturulmasi, alternatif rotalarin planlanmasi ve farkl
kriz senaryolarinin hazirlanmasi, isletmenin tek bir kaynaga veya
operasyonel secenege bagimliligini azaltabilmektedir. Bu durum
ozellikle maliyet dayanikliligi agisindan Onemlidir; ¢iinkli kriz
sirasinda alternatiflerin  sinirli olmasi, isletmeyi daha yiiksek
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maliyetli ve daha diisiik verimli ¢oziimleri kabul etmeye
zorlayabilmektedir.

Bununla birlikte onleyici dayanikliligin  olusturulmasi
maliyetsiz degildir. Yedek kapasite bulundurulmasi, alternatif
tedarikgilerle iliskilerin siirdiiriilmesi, esnek s6zlesmeler yapilmasi,
ilave stok tutulmasi veya farkli kriz senaryolar1 i¢in kaynak
ayrilmast  normal  faaliyet  donemlerinde ek  maliyet
yaratabilmektedir. Dolayistyla dayanikliligin = artirilmasi  ile
operasyonel verimlilik arasinda bir denge kurulmasi gerekmektedir.
Her olas1 riske karsi sinirsiz kapasite ve kaynak ayrilmasi, kisa
vadede risk tamponunu giliclendirse de isletmenin olagan
donemlerdeki maliyet yapisim1 agirlastirabilir.  Dayaniklilik
literatiirinde de  kaynak  tamponlarmin  ve  esnekligin
olusturulmasinin belirli bir verimlilik maliyeti yaratabilecegi ve bu
nedenle dayaniklilik yatirimlarinin maruz kalinan riskin niteligiyle
uyumlu olmasi gerektigi vurgulanmaktadir (Ataburo et al., 2024). Bu
nedenle Onleyici yonetimin bagarisi, miimkiin olan en fazla kaynagin
onceden tutulmasina degil, kritik riskler karsisinda isletmeye yeterli
hareket alan1 saglayacak kaynak ve kapasite diizeyinin
belirlenmesine baglidir. Baska bir ifadeyle amag, tiim riskleri
ortadan kaldirmak degil, belirli risk senaryolarinda isletmenin kritik
operasyonlarini siirdiirebilmesini saglayacak bir tampon yapist
olusturmaktir.,

Tepkisel yaklasimin temel 6zelligi, kaynaklarin gerceklesmis
bir riskin somut etkilerine gore yeniden tahsis edilmesidir. Bu
durum, gerceklesmesi belirsiz riskler i¢in 6nceden yiiksek miktarda
kaynak ayrilmasi gereksinimini azaltmasi1 bakimindan avantaj
saglayabilir. Isletme, kriz gerceklestiginde riskin gercek kapsamini
ve etkilerini gézlemleyerek rota, filo, kapasite, miirettebat ve tedarik
kararlarim1 buna gore sekillendirebilir. Bununla birlikte kriz
gerceklestiginde zaman baskisi altinda alinan kararlarin maliyeti
artabilmektedir. Ornegin bir hava sahasinin aniden kapanmasi
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sonucunda gerceklestirilen rota degisikligi yalnizca yakit tiiketimini
degil, miirettebat gorev siirelerini, ugak kullanim planlarini,
baglantili uguslar1 ve yolcu hizmetlerini de etkileyebilmektedir. Bu
nedenle tek bir operasyonel kararin mali etkisi agin diger
boliimlerine aktarilabilmektedir. Havayolu yonetim c¢aligmalarinda
kriz sonrast toparlanmanin yalmizca tek bir ugusun yeniden
planlanmas1 olarak degil, ugak, miirettebat ve ugus programinin
birlikte ele alindigi biitiinlesik bir optimizasyon problemi olarak
degerlendirilmesi de bu durumla iliskilidir (Clausen et al., 2010;
Hassan et al., 2021).

Tepkisel yonetimin diger oOnemli smirliligi ise bazi
secencklerin  kriz basladiktan sonra artik kullanilamaz hale
gelebilmesidir.  Ornegin  alternatif  tedarik¢inin ~ &nceden
belirlenmemis olmasi, kriz sirasinda uygun tedarik¢inin bulunmasini
ve gerekli sozlesmelerin hizla kurulmasini zorlastirabilir. Benzer
sekilde alternatif rota veya havalimani segeneklerinin dnceden
degerlendirilmemis olmasi, giivenlik agisindan miimkiin gériinen bir
secenegin operasyonel veya ekonomik ac¢idan uygulanabilir
olmamasina neden olabilir. Bu nedenle tepkisel kapasitenin etkinligi,
biiyiik 6l¢iide kriz 6ncesinde olusturulmus bilgi, sdzlesme, kapasite
ve alternatifler altyapisina baghdir.

Onleyici ve tepkisel yaklasimlarin birlikte degerlendirilmesi,
maliyet dayanikliligi kavraminin temelini olusturmaktadir. Onleyici
yonetim isletmeye alternatifler, tamponlar ve hazirlik kapasitesi
saglarken; tepkisel yoOnetim bu alternatiflerin krizin gercek
kosullarina gore kullanilmasmmi ve  gerektiginde yeniden
diizenlenmesini miimkiin kilmaktadir. Bu nedenle maliyet
dayaniklilig1, yalnizea kriz 6ncesinde maliyetleri diisiik tutmak veya
kriz sonrasinda giderleri azaltmak seklinde tanimlanmamalidir.
Temel mesele, bir sok meydana geldiginde isletmenin maliyet
yapisini kontrol edebilmesini ve operasyonlarini kabul edilebilir bir
maliyet diizeyinde siirdiirebilmesini saglayacak yeterli hareket
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alanina sahip olmasidir. Bu acidan onleyici ve tepkisel yaklagimlar
arasinda bir tercih yapilmasindan ziyade, iki kapasitenin hangi
kosullarda ve nasil birbirini tamamladigi 6nem kazanmaktadir.
Onleyici kapasite ne kadar gelismis olursa olsun, gerceklesen kriz
onceden olusturulan senaryodan farkli gelisebilir. Benzer bicimde
giiclii bir tepkisel kapasiteye sahip olmak da isletmenin her krizi
disik maliyetle yoOnetebilecegi anlamma  gelmemektedir.
Dolayisiyla dayanikli bir havayolu isletmesi i¢in gerekli olan,
onceden belirlenmis seceneklerle kriz sirasinda bu segenekleri
degistirebilme ve yeni secenekler olusturabilme kapasitesinin
birlikte bulunmasidir.

Bu biitiinlesik yaklagim ayni1 zamanda maliyet yonetiminin
statik ve dinamik boyutlarin1 birbirine baglamaktadir. Normal
faaliyet doneminde alternatif tedarik¢i bulundurmak, yedek kapasite
olusturmak veya esnek sozlesmeler yapmak maliyet yaratabilir;
ancak bu kaynaklar kriz sirasinda daha yliksek maliyetlerin ve
operasyonel kayiplarin sinirlandirilmasina katki saglayabilir. Buna
karsilik kriz sirasinda gerceklestirilen maliyet azaltici bir karar,
operasyonun devamliligini zayiflatiyorsa toplam maliyet iizerinde
beklenenin tersine bir etki yaratabilir Bu nedenle maliyet
dayanikliligimin degerlendirilmesinde tek tek gider kalemlerinden
ziyade toplam maliyet, operasyonel siireklilik ve kaynaklarin
yeniden tahsis edilebilirligi birlikte dikkate alinmalidir.

Sonug olarak jeopolitik risklere karst maliyet dayanikliligi,
onceden hazirlik ile kriz sirasinda uyum saglama kapasitesinin
birlesiminden olusmaktadir. Onleyici yaklasim isletmenin maruz
kalabilecegi maliyet soklarinin etkisini sinirlamaya ve kriz sirasinda
kullanilabilecek secenekleri genisletmeye hizmet ederken, tepkisel
yaklagim gergeklesen sokun olusturdugu maliyet ve operasyonel
bozulmanin yonetilmesini saglamaktadir. Bu nedenle havayolu
isletmelerinde maliyet dayanikliliginin gelistirilmesi, yalnizca daha
diisiik maliyetli bir operasyon yapisinin olusturulmasini degil; farkli

--34--



kosullarda yeniden yapilandirilabilen, kaynaklarini yeniden tahsis
edebilen ve kriz sonrasinda yeni kosullara uyum saglayabilen esnek
bir maliyet yapisinin olusturulmasini gerektirmektedir. Bu ¢cergevede
onleyici ve tepkisel yonetim, birbirinin alternatifi degil, jeopolitik
soklar karsisinda havayolunun maliyet dayamikliligin1 olusturan
birbirini tamamlayan iki kapasite olarak degerlendirilmelidir.

Sonug ve Degerlendirme

Havayolu tasimacilifi; operasyonlarin kiiresel olgekte
yiriitiilmesi, yiiksek sermaye ve sabit maliyet yapisi, yakit ve doviz
fiyatlarina duyarliligi, uluslararasi tedarik zincirlerine bagimlilig: ve
hava sahasi kullanimina iligkin kisitlamalardan dogrudan
etkilenmesi nedeniyle jeopolitik risklere karsi yiiksek diizeyde
hassasiyet gosteren sektorlerden biridir. Caligmada jeopolitik riskler
yalnizca ucus giivenligi ve operasyonel siireklilik acisindan degil,
havayolu isletmelerinin maliyet yapisi ve maliyet dayaniklilig
iizerindeki etkileri bakimindan ele alinmistir. Dolayisiyla temel
yaklasim; jeopolitik bir sokun tek bir maliyet kalemini etkilemekle
siirlt kalmadigi, bunun yaninda yakat, isglicii ve miirettebat, bakim,
havalimani ve hava seyriisefer hizmetleri, sigorta, ucak sahipligi ve
kiralama, tedarik ve operasyonel aksama maliyetleri gibi
birbirleriyle baglantili alanlarda es zamanli baski yaratabildigi
yoniindedir.

Incelemeler neticesinde anlasilan temel sonuglardan biri,
jeopolitik riskler ile havayolu maliyetleri arasindaki iligkinin
dogrudan, dolayli ve zincirleme etkiler igeren ¢ok boyutlu bir yap1
sergiledigidir. Hava sahasinin kapanmasi veya ugus rotalarinin
degistirilmesi dogrudan ugus mesafesinin ve yakit tiikketiminin
artmasina neden olabilirken, ayn1 gelisme ugus siirelerini, miirettebat
gorev planlarini, ucak kullanimini, baglantili uguslar1 ve alternatif
havalimanlarinin kullanimin1 da etkileyebilmektedir. Benzer sekilde
enerji arzindaki veya uluslararasi tedarik zincirlerindeki bozulmalar

yalnizca girdi fiyatlarimin yiikselmesine yol agmamakta; tedarik
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stirelerinin uzamasi, stoklarin artirilmasi, alternatif kaynaklara
yonelme ve operasyonel kaynaklarin yeniden diizenlenmesi
nedeniyle ilave maliyetler de yaratabilmektedir. Dolayisiyla
jeopolitik risk ile maliyet arasindaki iliski dogrusal ve tek boyutlu
degildir. Bir riskin farkli maliyet kalemleri {izerinde olusturdugu
etkiler birbirini tetikleyebilmekte ve baslangigta sinirli goriinen bir
operasyonel aksama, ag genelinde daha genis bir maliyet baskisina
doniisebilmektedir.

Netice olarak havayolu isletmelerinde maliyet yonetiminin
yalnizca maliyet minimizasyonu perspektifiyle ele alinmasinin
yetersiz  kalabilecegi  anlagilmaktadir. Normal operasyon
kosullarinda diisiik maliyet saglayan bir yapi, kriz kosullarinda
alternatiflerinin smirli olmasit nedeniyle daha yiiksek toplam
maliyetlerle karsilasabilirr. Bu nedenle calismada maliyet
dayanikliligi; digsal bir sok karsisinda maliyet artislarini
ongorebilme, ortaya ¢ikan maliyet baskilarini absorbe edebilme,
kaynaklar1 yeniden tahsis edebilme, maliyet yapisim1 gerektiginde
degistirebilme ve operasyonlar1 kabul edilebilir bir maliyet
diizeyinde stirdiirebilme kapasitesi olarak kavramsallastirilmistir. Bu
yaklagim, maliyet yonetimini statik bir gider azaltma faaliyetinden
cikararak belirsizlik ve soklar altinda stirdiiriilebilirlik perspektifine
tagimaktadir.

Bu ¢ergevede maliyet dayanikliliginin operasyonel, finansal
ve tedarik zinciri dayanikliliginin kesigiminde olustugu sonucuna da
ulagilmaktadir. Operasyonel dayaniklilik, ugus aginin ve kaynaklarin
degisen kosullara uyarlanabilmesini; finansal dayaniklilik, maliyet
ve gelir soklar1 karsisinda likidite ve faaliyet siirekliliginin
korunabilmesini; tedarik zinciri dayanikliligi ise kritik girdilerin
alternatif kaynaklar {izerinden siirdiiriilebilmesini ifade etmektedir.
Jeopolitik soklar bu ii¢ boyutu ayni anda etkileyebildiginden,
maliyet dayanikliliginin yalnizca finansal bir gosterge veya
operasyonel bir performans 0l¢iitii olarak degerlendirilmesi yeterli
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degildir. Kavramin esas niteligi, farkli kaynak ve karar alanlar
arasindaki karsilikli  bagimliliklarin  yonetilebilmesinde ortaya
cikmaktadir.

Yonetsel agidan Onemli bir sonug¢ ise jeopolitik risk
yonetiminin  yalmizca kriz  veya  gilivenlik  birimlerinin
sorumlulugunda degerlendirilmemesi gerektigidir. Risklerin maliyet
yapist tizerindeki etkileri finans, filo planlama, ag yonetimi, satin
alma, tedarik zinciri, insan kaynaklar1 ve operasyon birimleri
arasindaki karar siiregleriyle birlikte ele almmalidir. Ozellikle
alternatif rota ve havalimanlarinin onceden belirlenmesi, filo ve
kapasite esnekliginin gelistirilmesi, kritik tedarik¢ilere bagimliligin
azaltilmasi, yakit ve doviz risklerinin izlenmesi, finansal
tamponlarin olusturulmast ve erken uyar1 mekanizmalarinin
gelistirilmesi, maliyet dayanikliligin1 destekleyen temel yonetim
araclaridir. Buradaki amag biitiin olas1 krizleri onceden tahmin
etmek degil, farkli kriz senaryolar1 karsisinda isletmenin hareket
alanii genisletmektir.

Bununla birlikte, onleyici yaklasimlarin tek basina yeterli
olmadig1 da goriilmektedir. Jeopolitik krizlerin gergeklesme bigimi,
stiresi ve kapsami ¢ogu zaman Onceden hazirlanan senaryolardan
farklilagabilmektedir. Bu nedenle oOnleyici planlamanin tepkisel
karar alma kapasitesiyle desteklenmesi gerekmektedir. Onceden
belirlenmis alternatif rotalar, tedarikg¢iler, havalimanlar1 veya
kapasite secenekleri kriz sirasinda kullanilabilecek bir hareket alani
saglarken; tepkisel yonetim, bu segeneklerin gerceklesen kosullara
gore yeniden diizenlenmesini miimkiin kilmaktadir. Dolayisiyla
maliyet dayaniklili§i agisindan Onleyici ve tepkisel yaklasimlar
birbirinin alternatifi degil, birbirini tamamlayan iki yOnetim
kapasitesidir.

Calismanin bir diger 6nemli sonucu, dayaniklilik ile maliyet
verimliligi arasinda uygun bir dengenin kurulmasi gerektigidir. Her

tiirlii riske kars1 yiiksek miktarda yedek kapasite, alternatif tedarikei,
--37--



stok veya finansal tampon olusturmak normal faaliyet donemlerinde
isletmenin maliyetlerini artirabilir. Buna karsilik asir1 maliyet
optimizasyonu, kriz sirasinda isletmenin hareket segeneklerini
azaltarak daha yiiksek toplam maliyetlere yol acabilir. Bu nedenle
dayaniklilik yatinmlarinin riskin gergeklesme olasiligi, potansiyel
mali etkisi, operasyonel kritikligi ve miidahale siiresi ile
iliskilendirilmesi gerekmektedir. Bu yaklasimda hedef, miimkiin
olan en yliksek dayaniklilik diizeyini olusturmak degil; isletmenin
stratejik risk profiliyle uyumlu, mali agidan siirdiiriilebilir ve kritik
operasyonlarin devamliligin1 destekleyecek yeterli dayaniklilik
kapasitesini olusturmaktir.

Jeopolitik risklerin etkilerinin yalmizca kisa vadeli
operasyonel maliyetler iizerinden degerlendirilmemesi de
caligmanin Onemli sonuclarindan biridir. Uzun siireli rota
degisiklikleri, kapasite kayiplari, tedarik sorunlar1 ve operasyonel
aksamalar; miisteri hizmetleri, ag yapisi, filo kullanim oranlar,
pazar erisimi ve finansal performans iizerinde daha uzun vadeli
sonuclar dogurabilir. Bu nedenle maliyet dayanikliligi, kisa vadeli
giderlerin kontrol edilmesinin 6tesinde, isletmenin kriz sonrasinda
operasyonel ve finansal yapisini stirdiirebilme ve degisen kosullara
uyum saglayabilme kapasitesini de kapsamaktadir. Bagka bir
ifadeyle dayaniklilik, yalnizca sokun absorbe edilmesi ve Onceki
duruma doniilmesi degil, gerektiginde yeni kosullara uygun bir
operasyonel ve maliyet yapisinin olusturulabilmesidir.

Bu calisma esas olarak kavramsal ve literatiir temelli bir
cerceve sundugundan, ortaya koydugu iliskilerin farkli havayolu
isletmeleri ve farkli jeopolitik soklar iizerinden ampirik olarak
sinanmas1 gelecekteki arastirmalar acisindan onem tagimaktadir.
Oncelikle hava sahasi kapanmalarmin yakit ve miirettebat
maliyetleri lizerindeki etkileri, bolgesel c¢atismalarin sigorta ve
tedarik maliyetlerine yansimasi ve alternatif rota kullaniminin birim
maliyet gostergeleri lizerindeki etkileri nicel modeller araciligiyla
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incelenebilir. Ayrica farkli filo yapilarimin, is modellerinin ve ag
tasarimlarinin  jeopolitik soklara karst maliyet dayaniklilig
iizerindeki etkilerinin  karsilastirilmasi, isletmeler arasindaki
farkliliklarin daha ayrintili bigcimde ortaya konulmasina katki
saglayabilir.

Gelecekteki arastirmalar agisindan ikinci Onemli alan,
maliyet dayaniklii§inin  6l¢lilmesine  yonelik  gdstergelerin
gelistirilmesidir. Mevcut dayaniklilik calismalarinin 6nemli bir
boliimii operasyonel toparlanma, ag performansi veya finansal
sonuglara odaklanirken, jeopolitik bir sok karsisinda maliyet
yapisinin ne Ol¢iide korunabildigini dogrudan dlgen gostergelerin
gelistirilmesi literatlire katki saglayabilir. Bu kapsamda maliyet
sokunun biiyiikliigii, birim maliyetlerdeki degisim, toparlanma
stiresi, alternatif kaynaklara gec¢is maliyeti, kapasite kayb1 ve kriz
sonrasinda maliyet yapisinin Onceki veya yeni denge diizeyine
ulasma siiresi birlikte degerlendirilebilir. Bdylece maliyet
dayanikliligi soyut bir yonetim kapasitesi olmaktan ¢ikarilarak
karsilagtirilabilir  ve  izlenebilir bir performans boyutuna
doniistiiriilebilir.

Buna ek olarak gelecekteki arastirmalarda maliyet
dayanikliliginin tek bir toplam gosterge iizerinden degerlendirilmesi
yerine ¢ok boyutlu bir 6l¢iim g¢ercevesinin gelistirilmesi yararl
olabilir. Operasyonel esneklik, finansal tamponlar, tedarik¢i
cesitliligi, rota alternatifleri, filo esnekligi, maliyet sokunun absorbe
edilme kapasitesi ve toparlanma siiresi gibi gostergelerin birlikte
degerlendirilmesi, isletmelerin farkli dayaniklilik profillerinin
ortaya konulmasini saglayabilir. Ozellikle aym1 maliyet artisinin
farkli havayollarinda farkli sonuglar dogurabilmesi nedeniyle,
maliyet dayanikliliginin yalnizca maliyet diizeyi iizerinden degil,
isletmenin bu maliyet degisimine uyum saglama kapasitesi
lizerinden degerlendirilmesi 6nem tagimaktadir.
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Sonu¢ olarak havayolu isletmelerinde jeopolitik risklere
kars1t maliyet dayanikliligi, yalnizca maliyetleri diisiirme veya kriz
sirasinda giderleri kontrol etme problemi degildir. Esas mesele,
jeopolitik belirsizliklerin operasyonel ve finansal sonuglarini
onceden degerlendirebilen, kriz gergeklestiginde kaynaklarini
yeniden tahsis edebilen, maliyet soklarini absorbe edebilen ve kriz
sonrasinda faaliyetlerini siirdiiriilebilir bir maliyet yapisiyla devam
ettirebilen biitlinlesik bir yonetim kapasitesinin olusturulmasidir. Bu
acidan Onleyici planlama isletmeye hazirlik ve segenek yaratma
kapasitesi kazandirirken, tepkisel yonetim degisen kosullara uyum
saglama ve toparlanma kapasitesi kazandirmaktadir. Her iki
yaklagimin biitiinlestirilmesi, havayolu isletmelerinin jeopolitik
soklarin olusturdugu maliyet baskilarini daha sistematik bigcimde
yonetmesine ve uzun vadeli operasyonel ve finansal
stirdiiriilebilirligini giiclendirmesine katki saglayabilecek temel bir
yoOnetim ¢ercevesi sunmaktadir.
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BOLUM 2

HUMAN CENTERED DESIGN PRINCIPLES FOR
FUTURE AUTONOMOUS AVIATION SYSTEMS

TOLUNAY DAG!
TARIK GUNES?

Introduction

The aviation industry 1is undergoing a fundamental
transformation driven by advances in automation, artificial
intelligence (Al), intelligent avionics, and increasingly autonomous
systems. Modern aircraft have evolved from platforms
predominantly controlled through direct human intervention into
highly integrated cyber physical systems in which automated
functions perform an expanding range of monitoring, control,
navigation, and decision-support tasks. This technological
transformation offers considerable opportunities to improve
operational efficiency and support safer flight operations. At the
same time, however, increasing system complexity introduces new
human factors challenges related to cognitive workload, situational
awareness, decision-making, human—machine coordination, and the
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allocation of authority between human operators and intelligent
systems (Valiyaparambil & Ghosh, 2025; Ziakkas & Plioutsias,
2024).

Historically, aviation automation was largely developed
according to a technology centered philosophy in which functions
were allocated between humans and machines according to their
assumed respective strengths. Traditional approaches, including the
well-known Human-Are-Better-At/Machines-Are-Better-At
(HABA-MABA) perspective, sought to determine whether a
particular function should primarily be assigned to the human
operator or the automated system. However, the growing complexity
and adaptive capabilities of contemporary Al-based systems
challenge such static function-allocation approaches. The
assumption that automation can simply substitute for human
functions the so called “substitution myth” does not adequately
reflect the dynamic interactions that occur between humans and
increasingly intelligent systems. Instead, the introduction of
advanced automation may transform human tasks, create new
monitoring responsibilities, and generate unforeseen forms of
human—machine interaction (Valiyaparambil & Ghosh, 2025).

The transition from automation to autonomy further
intensifies this transformation. Whereas conventional automated
systems typically execute predefined functions under predetermined
conditions, increasingly autonomous systems can exhibit greater
levels of adaptive behavior and operational initiative. Consequently,
the human role is gradually shifting from direct control toward
supervision, coordination, collaboration, and strategic decision-
making. In this emerging environment, autonomous technologies
should no longer be viewed exclusively as tools controlled by
humans but increasingly as collaborative agents operating as part of
a joint human—autonomy system (Zhang et al., 2021; Bjurling et al.,
2024). This transition has given increasing prominence to the
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concept of Human Autonomy Teaming (HAT), which emphasizes
effective collaboration between human operators and autonomous
agents rather than simple task substitution.

The emergence of such collaborative relationships creates
important questions regarding authority, accountability, trust, and
human control. As autonomous systems acquire greater decision-
making capabilities, it becomes increasingly important to determine
when humans should intervene, how system intentions should be
communicated, and how operators can maintain an appropriate
understanding of autonomous actions. The concept of Meaningful
Human Control (MHC) provides an important perspective for
addressing these questions by emphasizing the need to preserve
meaningful human involvement and responsibility in autonomous
system behavior (Calvert, 2025; Kirwan, 2025). From a human
factors perspective, preserving human control does not necessarily
require continuous manual intervention. Instead, system design
should enable operators to understand, supervise, influence, and,
when necessary, appropriately intervene in autonomous processes.

Trust represents another fundamental element of this
relationship. Increasing autonomy may reduce the direct visibility of
underlying system processes, particularly when Al-based decision-
making mechanisms operate in ways that are difficult for operators
to interpret. In such situations, inappropriate levels of trust may
emerge: insufficient trust may result in the rejection or underuse of
useful automation, whereas excessive reliance may reduce active
monitoring and preparedness to intervene. Therefore, transparency,
explainability, and mechanisms for repairing trust following
unexpected system behavior become essential components of human
centered autonomous system design (de Visser et al., 2018). The
objective should not simply be to maximize trust in automation, but
to support an appropriately calibrated relationship in which operator
reliance reflects the actual capabilities and limitations of the system.

--50--



These challenges become particularly important in emerging
aviation concepts such as Single-Pilot Operations (SPO) and
increasingly intelligent flight decks. Reducing the number of human
crew members while simultaneously increasing automation
fundamentally changes the distribution of workload, responsibility,
and decision-making authority within the cockpit. Human centered
approaches to SPO therefore emphasize that advanced automation
should support pilot performance rather than merely replace
functions previously performed by another crew member (Wang et
al., 2023). Similarly, intelligent assistant systems may provide
context-sensitive decision support, assist pilots during complex
operational situations, and reduce workload, but their effectiveness
depends on how well their behavior is integrated with human
cognitive capabilities and operational expectations (Saunders et al.,
2026). Human centered intelligent systems have also been discussed
in relation to areas such as safety investigation, fatigue risk
management, and emerging eVTOL training environments, further
demonstrating the expanding relevance of Human-Al integration
across aviation domains (Ziakkas et al., 2025).

Within this context, Human-Centered Design (HCD)
provides a critical foundation for the development of future
autonomous aviation systems. Rather than treating human operators
as residual components responsible for tasks that cannot yet be
automated, HCD places human capabilities, limitations,
responsibilities, and operational needs at the center of system
development. The objective is therefore not to maximize autonomy
as an end, but to determine how autonomous capabilities can be
designed to enhance human performance, preserve situational
awareness, maintain meaningful control, support effective decision-
making, and contribute to overall system safety. This perspective
requires human factors considerations to be incorporated throughout
system design rather than addressed only after technological
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functions have already been established (Wang et al., 2023; Kirwan,
2025).

Despite growing interest in human-centered autonomy, the
relevant concepts are distributed across research on human—
autonomy teaming, meaningful human control, trust, explainability,
intelligent assistance, human performance, and emerging flight-deck
concepts. Bringing these perspectives together is necessary to
establish a coherent understanding of what human-centered
autonomy should mean in future aviation systems. Accordingly, this
chapter examines the transition from automation to autonomy from
a human-centered perspective and synthesizes the principal human
factors requirements associated with increasingly autonomous
aviation systems. Particular attention is given to Human—Autonomy
Teaming, Meaningful Human Control, trust and explainability,
situational awareness, cognitive workload, human-machine
coordination, and intelligent decision support. Building on these
perspectives, the chapter ultimately proposes a set of human-
centered design principles for future autonomous aviation systems,
providing a conceptual foundation for systems in which
technological autonomy complements human expertise while
preserving human authority, operational transparency, and aviation
safety

FROM AUTOMATION TO AUTONOMY IN AVIATION

The evolution from automation to autonomy represents more
than a technological advancement in aviation; it reflects a
fundamental transformation in the relationship between human
operators and increasingly intelligent systems. Conventional
automation has traditionally been designed to execute predefined
functions, reduce repetitive workload, and support pilots in
managing complex flight operations. Autonomous systems,
however, introduce greater adaptive and decision making
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capabilities, allowing technology to respond dynamically to
changing operational conditions and, in some cases, initiate actions
with reduced direct human intervention. This transformation
requires aviation system design to reconsider not only what
functions technology can perform but also how humans and
intelligent  systems should coordinate their capabilities,
responsibilities, and authority (Zhang et al., 2021; Bjurling et al.,
2024).

As autonomy increases, traditional distinctions between
human and machine functions become progressively less adequate.
The central design question therefore shifts from “Which tasks
should be automated?” toward “How should humans and
autonomous systems work together?” This transition is particularly
important in safety critical aviation environments, where
technological capability alone cannot determine operational
effectiveness. Human understanding, oversight, intervention
capability, and responsibility remain essential considerations even
when autonomous systems perform increasingly sophisticated
functions (Valiyaparambil & Ghosh, 2025; Kirwan, 2025).

Evolution of Automation in Aviation

Automation has played a central role in the development of
modern aviation by supporting pilots in flight control, navigation,
system monitoring, and operational decision making. As
technological capabilities have advanced, automated systems have
progressively assumed functions that previously required continuous
human intervention. This development has contributed to
increasingly sophisticated flight decks in which pilots interact with
multiple interconnected automated and intelligent systems rather
than directly controlling every aspect of aircraft operation (Ziakkas
& Plioutsias, 2024).
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The traditional rationale for automation has often been based
on allocating functions according to the perceived strengths and
limitations of humans and machines. Approaches derived from the
HABA-MABA perspective distinguish tasks considered more
appropriate for humans from those considered better suited to
machines. Humans are generally associated with flexible reasoning,
contextual interpretation, and adaptation to unexpected
circumstances, whereas machines provide advantages in repetitive
processing, computational speed, and consistent execution.
Although such distinctions have historically supported function
allocation, increasingly intelligent and adaptive technologies make
rigid divisions between human and machine capabilities
progressively more difficult to sustain (Valiyaparambil & Ghosh,
2025).

This limitation becomes particularly evident as Al-enabled
systems move beyond deterministic automation. Rather than merely
executing predefined instructions, intelligent systems can process
complex information, generate recommendations, and adapt their
behavior according to changing operational conditions. As a result,
automation is no longer simply a collection of functions transferred
from humans to machines. Instead, the introduction of advanced
technology changes the nature of the remaining human tasks and
creates new requirements for monitoring, coordination,
interpretation, and intervention.

The evolution of automation should therefore not be
understood solely in terms of increasing technological capability.
From a human factors perspective, each increase in system capability
also changes the role and responsibilities of the human operator. This
relationship becomes particularly important when technological
systems progress toward greater autonomy, where the boundaries
between automated execution, decision support, and independent

system action become increasingly complex.
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Limitations of Automation-Centered Design

A major limitation of traditional automation centered design is
the assumption that human functions can be decomposed into
individual tasks and transferred to technology without substantially
changing the surrounding human-system relationship. This
assumption has been described through the substitution myth,
according to which automation is expected to replace human activity
while leaving the remainder of the operational system essentially
unchanged. In practice, however, introducing automation frequently
transforms rather than eliminates human work (Valiyaparambil &
Ghosh, 2025).

When a system assumes routine operational functions, the
human operator may become increasingly responsible for
supervising automation, detecting abnormal behavior, interpreting
system states, and intervening during situations that the automation
cannot manage effectively. Consequently, reductions in direct
manual workload do not necessarily correspond to reductions in
cognitive demands. Instead, workload may shift from physical
control toward monitoring, information integration, and supervisory
decision making. This transformation can become particularly
problematic when operators are required to intervene after extended
periods of limited direct involvement.

Automation centered approaches may also insufficiently
account for trust dynamics. Operators must continuously determine
whether automated recommendations or actions are appropriate for
the current operational context. When system behavior is difficult to
understand or differs from operator expectations, trust may
deteriorate. Conversely, repeated successful performance can
encourage excessive reliance. de Visser et al. (2018) emphasize that
effective  human—machine interaction therefore  requires
consideration not only of initial trust formation but also of
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mechanisms through which trust can be recalibrated or repaired
following automation failures.

These limitations suggest that simply increasing automation
does not automatically produce better human performance or safer
operations. Future system design must instead consider the quality
of interaction between humans and intelligent technologies. This
requires moving beyond static function allocation toward
approaches that explicitly address coordination, communication,
transparency, authority, and adaptability within the combined human
autonomy system.

Changing Roles of Human Operators

Increasing autonomy fundamentally changes the operational
role of the human. In conventional manual operations, the pilot acts
primarily as a direct controller of the aircraft. With increasing
automation, this role progressively incorporates supervision and
management of automated functions. As systems acquire greater
adaptive and decision-making capabilities, however, the human role
may evolve further toward that of a collaborative partner working
alongside intelligent agents rather than simply commanding passive
technological tools (Zhang et al., 2021; Bjurling et al., 2024).

This transition has important implications for system design.
A human supervising a highly autonomous system requires different
information and interaction capabilities from a pilot directly
manipulating aircraft controls. Operators must understand what the
autonomous system is doing, why particular actions are being taken,
what the system is likely to do next, and under which circumstances
human intervention may become necessary. Consequently,
transparency and explainability become central requirements for
maintaining effective human involvement in increasingly
autonomous operations (de Visser et al., 2018).
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The changing role of the pilot is particularly evident in
emerging concepts such as Single-Pilot Operations. In these
environments, advanced automation and intelligent assistance may
assume or support functions traditionally distributed across multiple
flight crew members. However, a human centered approach requires
these systems to be designed around the operational needs and
cognitive capabilities of the remaining pilot rather than simply
automating tasks previously performed by another crew member
(Wang et al., 2023). Intelligent assistants may consequently need to
support workload management, information prioritization, decision-
making, and responses to unexpected operational conditions
(Saunders et al., 2026).

The progression toward autonomy therefore represents a
transition in the nature of human involvement rather than the
disappearance of human involvement. Human operators increasingly
move from direct control toward supervisory and collaborative roles
in which effective performance depends on maintaining appropriate
awareness, authority, competence, and interaction with autonomous
systems. This evolving relationship provides the foundation for
Human-Autonomy Teaming and reinforces the need for a human-
centered approach to future aviation system design.

The overall transformation described above is summarized in
Figure 1. Rather than representing autonomy merely as the final
stage of increasing automation, the framework emphasizes the
parallel transformation of both technological capabilities and the
human role. As system capabilities progress from automated
assistance toward autonomous behavior, human involvement
evolves from direct control and supervision toward coordination and
collaboration.
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Figure 1 Evolution from Automation-Centered to Human-Centered
Autonomous Aviation

As illustrated in Figure 1, the progression toward autonomous
aviation should not be interpreted as a linear process in which
technological capability gradually eliminates human involvement.
Instead, increasing autonomy changes the nature of the human
system relationship. The system evolves from a passive tool and
automated aid toward an intelligent assistant and potentially an
autonomous teammate, while the human role shifts from direct
control toward supervision, coordination, and collaboration. From a
human-centered perspective, the critical design challenge is
therefore not the maximization of autonomy, but the development of
an appropriate relationship between human authority and
autonomous capability. This perspective provides the conceptual
basis for the Human-Centered Design principles discussed in the
following section.
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HUMAN-CENTERED DESIGN IN AUTONOMOUS
AVIATION SYSTEMS

Human-Centered Design (HCD) in autonomous aviation is
based on the principle that increasing technological capability should
not marginalize the human operator. Instead, autonomous functions
should be designed around human capabilities, limitations,
responsibilities, and operational needs. In this context, autonomy is
not treated as an end point in which the human is gradually removed
from the system, but as a design space in which human and machine
capabilities are intentionally coordinated. This perspective becomes
increasingly important as aviation systems incorporate artificial
intelligence, adaptive behavior, and autonomous decision-making
functions that may influence safety-critical operations (Wang et al.,
2023; Kirwan, 2025).

A human-centered approach therefore requires designers to
consider how autonomous systems communicate their intentions,
how humans maintain awareness of system behavior, how authority
is distributed, and how operators can intervene when necessary. The
quality of the human—autonomy relationship becomes as important
as the technical performance of the autonomous system itself.
Accordingly, future aviation systems should be evaluated not only
according to whether they can perform a function autonomously, but
also according to whether they can support effective human
understanding, coordination, and control.

Human-Centered Design Philosophy

Traditional automation-centered design has often emphasized
technological capability and functional allocation. Human-centered
design, by contrast, begins with the operational role of the human
and asks how technology can support that role without undermining
essential cognitive and decision making functions. This distinction
is particularly important in aviation because even highly capable
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autonomous systems operate within environments characterized by
uncertainty, time pressure, changing operational conditions, and
safety critical consequences.

Wang et al. (2023), in their review of human-centered design
for Single-Pilot Operations, emphasize that reducing crew numbers
or increasing automation should not be treated as a simple
replacement problem. The remaining pilot continues to require
support in areas such as workload management, monitoring, decision
making, and situational awareness. Consequently, HCD should
focus on preserving the pilot's ability to understand the operational
context and to remain effectively engaged with the system.

Similarly, Kirwan (2025) argues that future Human-Al
Teaming in aviation requires explicit human factors requirements
rather than assumptions that intelligent systems will naturally
integrate into existing operational structures. From this perspective,
autonomy should be designed around the combined performance of
the Human-AlI system. The objective is not to optimize the human
and the autonomous agent independently, but to ensure that their
interaction produces a safe and effective joint system.

Human-centered design therefore involves a shift from
maximizing automation toward optimizing collaboration. This
requires designers to consider authority, information sharing, timing
of assistance, workload distribution, transparency, and the ability of
the human to recover from unexpected system behavior. These
dimensions provide the foundation for Human-Autonomy Teaming.

Human-Autonomy Teaming

Human-Autonomy Teaming (HAT) represents a significant
departure from conventional human automation interaction. In
traditional automated systems, the machine generally performs
predefined functions under human supervision. In HAT, however,
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autonomous systems may take initiative, adapt to changing
conditions, provide recommendations, and participate more actively
in operational decision-making. This changes the relationship from
one of tool use toward one of collaboration between human and
autonomous agents (Bjurling et al., 2024).

Bjurling et al. (2024) emphasize that effective human-
autonomy teaming requires careful consideration of human factors
during the design of digital assistants. The autonomous system
should not merely provide additional information; it should support
coordination in a way that is compatible with human cognitive
processes and operational expectations. This includes determining
when assistance should be provided, how information should be
communicated, and how the system should respond to changing
levels of workload or task complexity.

The collaborative nature of HAT also requires a clearer
understanding of roles and responsibilities. As autonomous systems
acquire greater capabilities, the distinction between human decision
maker and automated support system becomes less rigid. Future
autonomous agents may contribute to goal formation, option
generation, monitoring, and operational coordination. In such
environments, effective teamwork depends on shared awareness of
responsibilities, predictable system behavior, and mechanisms that
enable the human operator to understand the current status and future
intentions of the autonomous agent.

Saunders et al. (2026) extend this perspective through the
concept of intelligent assistant systems for future flight decks. Such
systems are intended to reduce pilot workload by supporting
autonomous action integration while remaining compatible with
human operational needs. Their contribution is therefore not limited
to task execution; they may also help prioritize information, support
decision-making, and assist pilots during complex or unexpected

--61--



situations. This illustrates how future HAT concepts may move
beyond simple automation toward more adaptive and context-
sensitive collaboration.

Meaningful Human Control

As autonomous aviation systems gain greater decision making
capabilities, the question of how meaningful human authority can be
preserved becomes increasingly important. Meaningful Human
Control (MHC) provides a conceptual basis for addressing this issue
by ensuring that human involvement remains relevant even when
systems can perform complex functions independently.

Calvert (2025) describes MHC through principles that
emphasize both human responsibility and system responsiveness to
human intentions. In this context, the tracing condition requires that
autonomous actions remain connected to identifiable and competent
human agents who can be held responsible for system behavior. The
tracking condition, meanwhile, requires the system to respond
appropriately to human intentions, values, and relevant reasons.
Together, these conditions prevent autonomy from becoming
completely detached from human judgment and responsibility.

In aviation, meaningful human control does not imply that
pilots must manually control every action performed by an
autonomous system. Instead, it requires that operators retain
sufficient understanding, authority, and intervention capability to
influence system behavior when necessary. The system should
therefore communicate its operational status, decision logic, and
limitations in a way that enables the human to maintain effective
oversight (Kirwan, 2025).

MHC is especially relevant in high-autonomy environments
where system decisions may occur rapidly or involve complex Al-
based reasoning. If operators cannot understand why a system has
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selected a particular course of action, their ability to exercise
meaningful oversight becomes limited. Consequently, meaningful
human control is closely connected with transparency and
explainability.

Trust, Transparency, and Explainability

Trust is one of the central determinants of effective interaction
between humans and increasingly autonomous systems. Operators
must determine whether an autonomous system can be relied upon
in a given operational context, while remaining sufficiently engaged
to identify situations in which system behavior may be inappropriate
or unreliable. The objective of HCD should therefore not be to
maximize trust, but to support calibrated trust that corresponds to the
actual capabilities and limitations of the system.

de Visser et al. (2018) emphasize that trust in automation is
dynamic and may be damaged when system behavior violates user
expectations. Importantly, successful human-machine interaction
requires mechanisms not only for establishing trust but also for
repairing it following failures or unexpected actions. This is
particularly relevant in aviation, where a single unexplained or
inappropriate automated action may significantly influence
subsequent pilot reliance.

Transparency is essential for supporting such trust calibration.
An autonomous system should provide sufficient information for the
operator to understand what it is doing, why it is doing it, and what
it 1s likely to do next. Transparency becomes especially important
when system actions deviate from pilot expectations or when the
operational environment changes rapidly.

Explainability complements transparency by helping operators
understand the reasoning or relevant factors behind system outputs.
In Al-enabled aviation, explainability can support situational
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awareness and improve the operator's ability to evaluate
recommendations rather than accepting them uncritically. This
becomes increasingly important as Al-based systems operate as
decision-support tools or intelligent assistants in safety critical
environments (de Visser et al., 2018; Kirwan, 2025).

At the same time, transparency and explainability must be
designed carefully to avoid introducing additional cognitive burden.
Excessive information may overwhelm the operator rather than
improve understanding. Human-centered system design should
therefore provide the appropriate level of explanation at the
appropriate time, taking into account operational urgency, task
complexity, and human cognitive limitations.

Taken together, Human-Autonomy Teaming, Meaningful
Human Control, calibrated trust, transparency, and explainability
form the conceptual foundation of human centered autonomous
aviation. These elements ensure that future autonomous systems do
not merely perform tasks effectively, but also remain
understandable, controllable, and operationally compatible with the
humans who depend on them.

HUMAN FACTORS REQUIREMENTS FOR
AUTONOMOUS AVIATION

The successful integration of autonomous technologies into
aviation depends not only on the technical capabilities of intelligent
systems but also on their compatibility with human cognitive and
operational characteristics. As discussed in the previous section,
Human Centered Design requires autonomous systems to preserve
meaningful human involvement while supporting effective Human-
Autonomy Teaming. Translating these principles into operational
systems requires explicit consideration of human factors
requirements, particularly situational awareness, cognitive
workload, decision making, communication, and human

--64--



performance under safety-critical conditions (Kirwan, 2025; Wang
et al., 2023).

Increasing autonomy may fundamentally alter how pilots
acquire information, understand system states, and make operational
decisions. Therefore, human factors requirements should not be
considered secondary constraints applied after autonomous
functions have been developed. Instead, they should form part of the
system design process itself. The objective is to ensure that
autonomous capabilities remain cognitively compatible with human
operators and contribute to the performance of the overall human-
autonomy system.

Situational Awareness and Cognitive Workload

Situational awareness remains a fundamental requirement in
highly automated and autonomous aviation environments. As direct
human involvement in aircraft control decreases, pilots may receive
fewer natural cues about system behavior and increasingly depend
on interfaces to understand aircraft status, environmental conditions,
and autonomous actions. Consequently, the design of autonomous
systems must ensure that reduced direct control does not result in
reduced understanding of the operational situation.

This requirement becomes particularly important when pilots
transition from active control toward supervisory roles. Although
automation can reduce the workload associated with routine tasks, it
may simultaneously introduce new cognitive demands related to
monitoring, interpreting system behavior, and determining when
intervention is required. Therefore, reductions in physical or
procedural workload should not automatically be interpreted as
reductions in total pilot workload (Wang et al., 2023).

Intelligent systems may provide opportunities to manage these
demands more dynamically. Rather than continuously presenting all
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available information, future systems may support pilots by
prioritizing operationally relevant information and providing
assistance according to task demands. Intelligent assistants designed
for future flight decks, for example, may reduce workload by
supporting the integration of autonomous actions and assisting pilots
during complex operational situations (Saunders et al., 2026).

However, assistance should not result in cognitive
disengagement. A human centered system should maintain sufficient
operator involvement to preserve awareness and preparedness for
intervention. The design challenge is therefore to achieve an
appropriate balance between reducing unnecessary workload and
maintaining meaningful cognitive engagement.

Human-Machine Coordination and Decision-Making

Decision-making in autonomous aviation increasingly
becomes a joint activity involving both human judgment and
machine generated information. Al enabled systems can process
large volumes of data and provide recommendations more rapidly
than a human operator could independently analyze them.
Nevertheless, the operational value of these capabilities depends on
whether the recommendations can be effectively incorporated into
human decision-making.

Human-centered decision support should therefore enhance
rather than displace human judgment. The autonomous system
should provide information in a manner that enables operators to
evaluate recommendations within the broader operational context.
This is particularly important in uncertain or abnormal situations,
where rigid automated responses may not adequately reflect
contextual factors understood by experienced operators (Kirwan,
2025).
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Effective coordination also requires clear expectations
regarding the distribution of authority. When both humans and
autonomous systems can initiate actions, ambiguity regarding
responsibility may create operational difficulties. HAT therefore
requires mechanisms that communicate who or what currently has
authority, what actions are being performed, and when control or
decision responsibility is transferred between human and
autonomous agents (Bjurling et al., 2024).

Intelligent assistants illustrate the potential of this
collaborative approach. Rather than functioning as passive
information displays, they may identify relevant information,
support alternative evaluation, and assist with complex operational
decisions. Their effectiveness, however, depends on whether pilots
understand and appropriately evaluate their recommendations.
Human centered decision support therefore requires coordination
between computational capability and human operational expertise
rather than simple technological substitution (Saunders et al., 2026).

Multimodal Interaction and Interface Design

The interface represents the primary communication channel
through which pilots understand and interact with increasingly
autonomous systems. As system complexity grows, traditional
visual displays alone may become insufficient for communicating
large amounts of operational information without increasing
cognitive demand. Human centered interface design should therefore
consider how information can be distributed across appropriate
sensory channels while maintaining clarity and prioritization.

Multimodal interaction provides one possible approach by
combining visual, auditory, and haptic information according to
operational requirements. Such an approach may help distribute
information demands across multiple sensory channels rather than

overloading a single modality. However, multimodal design should
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not simply increase the number of alerts or information sources. Its
purpose should be to provide the right information through the most
appropriate modality according to urgency, task context, and
operator needs.

The increasing use of Al also changes the information that
interfaces need to communicate. Future interfaces may need to
represent not only aircraft parameters but also autonomous system
intentions, recommendations, confidence, and potential changes in
planned actions. This creates a requirement for interfaces capable of
supporting transparency and explainability without unnecessarily
increasing cognitive workload.

Human centered intelligent systems therefore require
interfaces that support two-way coordination. The pilot must be able
to understand the autonomous agent, while the system should also
respond appropriately to human inputs and operational requirements.
This interaction is particularly important when the autonomous
system functions as an intelligent assistant or teammate rather than
as a conventional automated tool (Bjurling et al., 2024; Ziakkas et
al., 2025).

Human Performance and Operational Safety

Human centered autonomy ultimately needs to be evaluated
according to its contribution to the safety and performance of the
combined human—machine system. Technological sophistication
alone cannot demonstrate that an autonomous function improves
aviation safety. A technically capable system may still create
operational risk if it increases confusion, encourages inappropriate
reliance, reduces situational awareness, or creates new coordination
problems.

Human performance should therefore be considered
throughout the development and evaluation of autonomous systems.
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Relevant considerations include workload, attention, situational
awareness, decision quality, response to unexpected events, trust,
and the ability to intervene -effectively. These factors are
interconnected: for example, poor transparency may affect trust,
inappropriate trust may influence monitoring behavior, and reduced
monitoring may subsequently affect situational awareness and
intervention performance (de Visser et al., 2018).

This systems perspective is particularly important in emerging
operational environments. Human centered intelligent systems have
potential applications extending beyond conventional flight-deck
automation to areas such as fatigue risk management, safety
investigation, and immersive eVTOL training. These applications
illustrate that Human-Al integration should be considered across the
wider aviation system rather than solely within aircraft control
functions (Ziakkas et al., 2025).

Ultimately, operational safety requires autonomous systems to
support rather than undermine human resilience. The human
operator remains particularly important when operations deviate
from expected conditions or when system behavior becomes
uncertain. Human-centered autonomy should therefore preserve the
capacity for human understanding, adaptation, and intervention
while using intelligent technologies to enhance information
processing and decision support. The effectiveness of future
autonomous aviation systems will consequently depend on the
performance of the integrated human-autonomy system, rather than
on autonomous capability considered in isolation.

EMERGING APPLICATIONS OF HUMAN-CENTERED
AUTONOMOUS SYSTEMS

The principles of human centered autonomy become
particularly significant when translated into emerging aviation

applications. Increasing levels of artificial intelligence and
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autonomy are creating operational concepts in which technology is
expected not only to execute predefined functions but also to provide
adaptive assistance, support complex decisions, and collaborate with
human operators. Intelligent flight-deck assistants, Single-Pilot
Operations (SPO), Al supported safety applications, and emerging
eVTOL training environments illustrate how this transformation
may reshape both operational roles and human—machine interaction
(Wang et al., 2023; Ziakkas et al., 2025; Saunders et al., 2026).

These applications also demonstrate why technological
capability alone is insufficient for successful autonomy. Systems
designed to provide intelligent assistance must operate in ways that
are understandable, predictable, and compatible with human
cognitive characteristics. Their effectiveness therefore depends on
the extent to which the principles discussed previously meaningful
human control, appropriate trust, transparency, situational
awareness, workload compatibility, and effective coordination—are
incorporated into practical system design.

Intelligent Assistants in the Flight Deck

The development of intelligent assistant systems represents an
important step in the transition from conventional cockpit
automation toward collaborative human—autonomy interaction.
Unlike traditional automated functions that primarily execute
predefined tasks, intelligent assistants may provide context-sensitive
support, analyze operational information, generate
recommendations, and potentially initiate or coordinate actions
according to changing flight conditions. Such capabilities create
opportunities to reduce pilot workload while improving access to
relevant information during complex operations (Saunders et al.,
2026).

From a human centered perspective, however, the objective of

an intelligent assistant should not simply be to automate additional
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cockpit functions. Instead, the assistant should support the pilot in
managing cognitive demands while preserving situational awareness
and decision authority. This requires the system to determine not
only what assistance can be provided, but also when assistance is
appropriate and how it should be communicated. Assistance
provided at an inappropriate time or in an unclear manner may
increase rather than reduce cognitive workload.

The concept of intelligent assistance also changes the
traditional interaction between pilots and cockpit systems. When an
intelligent  system can interpret information, generate
recommendations, or take autonomous actions, the relationship
begins to resemble collaboration rather than conventional tool use.
This reinforces the need for predictable system behavior, transparent
communication, and clear allocation of responsibilities between the
pilot and the intelligent assistant (Bjurling et al., 2024; Saunders et
al., 2026).

Accordingly, intelligent flight deck assistants should be
evaluated according to their contribution to the performance of the
combined human—autonomy system. Reductions in workload are
important, but they should not be achieved at the expense of human
understanding, preparedness, or meaningful control.

Single-Pilot Operations

Single-Pilot Operations represent one of the clearest examples
of why future aviation automation requires a human centered design
philosophy. Reducing a conventional multi-crew flight deck to a
single pilot changes the distribution of workload, monitoring,
communication, decision-making, and operational responsibility.
Consequently, the technological support required for SPO cannot be
designed simply by transferring the tasks of the removed crew
member to automation (Wang et al., 2023).
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A human centered approach instead requires consideration of
the entire operational system surrounding the remaining pilot.
Automation and intelligent assistance should support the pilot
according to changing workload and operational conditions while
preserving sufficient engagement and situational awareness. This
includes supporting information management, monitoring, decision-
making, and responses to abnormal or unexpected situations.

The SPO context also illustrates the importance of adaptive
human-autonomy coordination. During routine phases of flight,
intelligent systems may perform or support a relatively broad range
of functions. During complex or abnormal conditions, however, the
pilot may require different forms of assistance, including prioritized
information, decision support, or management of secondary tasks.
The effectiveness of automation therefore depends not only on its
functional capability but also on its ability to respond appropriately
to changing human and operational requirements (Wang et al., 2023;
Saunders et al., 2026).

Human centered SPO design should consequently focus on
supporting the remaining pilot rather than replacing the absent pilot.
This distinction is fundamental because it shifts the design objective
from task substitution toward system level performance and
effective human—autonomy collaboration.

Al Supported Safety and Decision Making

Artificial intelligence provides significant opportunities to
support aviation decision making by processing large amounts of
operational information and identifying patterns that may be difficult
for human operators to evaluate rapidly. In human centered
autonomous systems, however, Al generated outputs should
function as decision support rather than automatically displacing
human judgment.
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This distinction is particularly important in safety critical and
unexpected situations. Human operators may need to integrate
information about operational context, system condition,
environmental factors, and mission objectives while working under
time pressure. Intelligent systems can potentially support this
process by organizing information, identifying relevant factors, and
presenting possible courses of action. Such assistance may reduce
cognitive demands and allow the operator to focus attention on
higher-level operational decisions (Ziakkas et al., 2025; Saunders et
al., 2026).

At the same time, Al-supported decision-making introduces
requirements concerning transparency and trust. Pilots must be able
to determine whether a recommendation is appropriate for the
current situation and understand sufficient information about its
basis to decide whether it should be followed. Blind acceptance of
Al generated recommendations would be inconsistent with
meaningful human control, while systematic rejection would
eliminate much of the potential benefit of intelligent decision
support.

Human centered Al should therefore seek an appropriate
balance between computational assistance and human judgment. The
purpose is not to create a system that makes every decision
independently, but to improve the quality, timeliness, and resilience
of decision-making across the combined Human-AlI system.

e¢VTOL and Future Aviation Training

The emergence of new aircraft concepts and intelligent
systems also creates important implications for aviation training.
Future operators will need to interact with systems that differ
substantially from conventional aircraft in terms of automation,
information presentation, and human—machine coordination.

Consequently, training must prepare operators not only to use
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autonomous technologies during normal operations but also to
understand their capabilities, limitations, and potential failure
modes.

Ziakkas et al. (2025) discuss human-centric intelligent systems
in relation to immersive eVTOL simulation training, illustrating how
emerging technologies may support the preparation of personnel for
increasingly complex operational environments. Simulation
environments provide opportunities to expose operators to Human-
Al interaction scenarios, including unexpected system behavior and
changing levels of automation, without introducing operational risk.

Training for autonomous aviation should therefore extend
beyond procedural knowledge. Operators may require competencies
related to interpreting Al generated information, managing trust,
understanding system limitations, maintaining situational awareness
during high levels of automation, and determining when intervention
is required. These competencies become increasingly important as
pilots transition from direct controllers toward supervisors and
collaborative partners of intelligent systems.

From a human centered perspective, training should also
support appropriate expectations regarding autonomy. Operators
need to understand both what intelligent systems can accomplish and
where human expertise remains necessary. Such preparation can
contribute to calibrated trust and more effective human—autonomy
coordination while helping operators remain capable of responding
when autonomous system behavior differs from expectations.

Taken together, these emerging applications demonstrate that
human centered autonomy is not limited to a single technological
solution or operational concept. Intelligent assistants, SPO, Al
supported decision making, and future training environments all
require careful integration of human capabilities with increasingly

sophisticated technologies. Their successful implementation
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therefore depends on translating human factors requirements into
explicit design principles that can guide the development and
evaluation of future autonomous aviation systems.

HUMAN-CENTERED DESIGN PRINCIPLES FOR FUTURE
AUTONOMOUS AVIATION SYSTEMS

The preceding discussion demonstrates that the development
of autonomous aviation systems cannot be guided solely by
technological capability or increasing levels of automation. As
autonomous systems become more adaptive, intelligent, and capable
of independent action, their effectiveness increasingly depends on
the quality of interaction established with human operators. Human
Centered Design should therefore address autonomy as a joint
human system capability in which technological performance,
human cognitive characteristics, operational responsibilities, and
safety requirements are considered together (Wang et al., 2023;
Bjurling et al., 2024; Kirwan, 2025).

Based on the synthesis of the reviewed literature, eight
interrelated principles are proposed for the human centered design
of future autonomous aviation systems: meaningful human control,
transparency and explainability, calibrated trust, preservation of
situational awareness, cognitive compatibility and workload
management, adaptive human—autonomy coordination, clear
authority and responsibility, and safety centered intelligent
assistance. These principles should not be interpreted as independent
requirements. Instead, they form an interconnected framework for
maintaining effective human involvement while exploiting the
capabilities of increasingly autonomous technologies.

Preserve Meaningful Human Control

The first principle is that increasing autonomy should not
eliminate meaningful human authority over safety critical
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operations. Meaningful Human Control requires autonomous
behavior to remain connected to competent human agents and
responsive to relevant human intentions and reasons (Calvert, 2025).
Accordingly, the human operator should retain sufficient authority,
understanding, and intervention capability even when the
autonomous system performs substantial portions of an operational
task.

Preserving meaningful control does not imply continuous
manual control. In highly autonomous environments, requiring
constant intervention would undermine many of the benefits of
autonomy. Instead, system design should ensure that operators can
understand the operational state, influence autonomous behavior,
intervene when necessary, and appropriately assume or transfer
control. Meaningful control should therefore be embedded in the
architecture of human—autonomy interaction rather than treated
solely as an emergency override mechanism (Kirwan, 2025).

Ensure Transparency and Explainability

Autonomous systems should communicate their status,
intentions, actions, and relevant reasoning in ways that are
understandable to human operators. As Al based systems become
increasingly complex, their internal processes may become less
directly observable. This creates the risk that pilots may receive
recommendations or observe autonomous actions without sufficient
understanding of why those actions occurred.

Transparency should therefore enable operators to develop an
accurate understanding of what the system is doing and what it is
likely to do next. Explainability should complement this by
providing sufficient insight into the basis of important
recommendations or decisions. However, explanations should be
context sensitive. Providing excessive technical information during

time critical situations may increase cognitive workload rather than
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improve understanding. Human centered explainability should
consequently provide the appropriate information, at the appropriate
level of detail, at the appropriate time (de Visser et al., 2018; Kirwan,
2025).

Support Calibrated Trust

Trust should be treated as a dynamic design requirement rather
than an assumption that operators will naturally accept intelligent
technologies. Effective human—autonomy interaction requires
neither maximum trust nor permanent skepticism. Instead, operator
trust should correspond to the actual reliability, capabilities, and
limitations of the autonomous system.

Design should therefore support calibrated trust, enabling
operators to appropriately rely on autonomy when it performs
reliably while remaining prepared to question or override it when
circumstances require. Because unexpected system behavior or
failure may damage trust, future autonomous systems should also
incorporate mechanisms that support trust recovery and recalibration
(de Visser et al., 2018).

Transparency, explainability, and predictable behavior are
closely related to this principle. Operators are more capable of
calibrating their reliance when they understand system capabilities
and limitations and can interpret deviations from expected behavior.

Preserve Situational Awareness

Autonomy should reduce unnecessary workload without
disconnecting operators from the operational environment. As pilots
move from direct control toward supervisory and collaborative roles,
they may receive fewer natural indications of system behavior and
depend increasingly on information presented through technological
interfaces.
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Human centered systems should therefore provide sufficient
information for operators to understand the current operational
situation, the state of the autonomous system, ongoing actions, and
potential future developments. Information should be prioritized
according to operational relevance rather than simply maximizing
the quantity of data presented.

This requirement is particularly important when intervention
may suddenly become necessary. A pilot cannot meaningfully
intervene in autonomous behavior without first understanding the
state of the aircraft, environment, and autonomous agent. Situational
awareness is therefore closely linked to meaningful human control
and effective human—autonomy coordination (Wang et al., 2023;
Saunders et al., 2026).

Design for Cognitive Compatibility and Workload
Management

Autonomous technologies should be designed according to
human cognitive capabilities and limitations. Although automation
can reduce routine task demands, it may simultaneously introduce
monitoring, interpretation, coordination, and decision making
requirements. Consequently, transferring additional functions to
autonomy does not necessarily reduce overall cognitive workload.

Human centered systems should seek to maintain workload
within manageable levels while avoiding both excessive demand and
prolonged cognitive disengagement. Intelligent assistance may
contribute by prioritizing information, supporting complex
decisions, and managing secondary tasks during demanding
operational situations (Saunders et al., 2026).

Interface design is central to this requirement. Visual, auditory,
and other interaction modalities should be selected according to
operational context and cognitive demands rather than technological
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availability. The objective should be to make autonomous
capabilities cognitively compatible with human performance rather
than requiring humans to continuously adapt to technological
complexity.

Enable Adaptive Human-Autonomy Coordination

Future autonomous systems should support dynamic
collaboration rather than fixed divisions of labor. The relative
contributions of the human and autonomous agent may need to
change according to operational conditions, workload, system
capability, and unexpected events.

Human-Autonomy Teaming therefore requires systems
capable of coordinating actions and information with human
operators in ways that remain predictable and operationally
meaningful. Autonomous agents may provide assistance,
recommendations, monitoring, or direct action, but these functions
should be integrated into a shared operational process rather than
performed independently of human activity (Bjurling et al., 2024).

Adaptive coordination becomes particularly relevant in
concepts such as SPO, where intelligent systems may need to
provide different forms of assistance depending on the demands
placed on the remaining pilot. Human centered autonomy should
consequently support flexible collaboration while maintaining
clarity regarding system behavior and human responsibilities (Wang
et al., 2023; Saunders et al., 2026).

Maintain Clear Authority and Responsibility

Increasing autonomy creates important questions concerning
who has authority to make decisions and who remains responsible
for operational outcomes. Ambiguity in these areas may undermine
coordination and meaningful human control.
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Human centered design should therefore make the distribution
of authority explicit. Operators should be able to determine when an
autonomous system is providing information, recommending an
action, executing an authorized action, or acting within predefined
autonomous boundaries. Similarly, transitions in authority should be
clearly communicated and operationally manageable.

This principle is closely associated with Meaningful Human
Control. Maintaining identifiable human responsibility does not
require humans to directly perform every action, but it does require
autonomous behavior to remain within a framework in which human
authority, system authority, and accountability are clearly
established (Calvert, 2025; Kirwan, 2025).

Prioritize Safety Centered Intelligent Assistance

The final principle is that autonomous capability should be
evaluated according to its contribution to overall human system
safety rather than according to technological sophistication alone.
An intelligent system that performs complex functions but
introduces confusion, inappropriate reliance, excessive workload, or
reduced situational awareness cannot be considered successfully
human centered.

Intelligent assistance should therefore enhance the resilience
of the combined human-autonomy system. Al may support
information processing, decision making, workload management,
and responses to complex operational conditions, but these
capabilities should complement human expertise rather than create
new dependencies that weaken human preparedness (Ziakkas et al.,
2025; Saunders et al., 2026).

Safety centered design also requires consideration of
unexpected and degraded conditions. Autonomous systems should
not only support optimal performance during routine operations but
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also help human operators understand and manage situations in
which system capability becomes limited or behavior differs from

expectations.

Tablo 1 Proposed Human-Centered Design Principles for Future

Autonomous Aviation Systems

Design Principle

Primary Design
Objective

Human Factors
Rationale

Expected Contribution

Meaningful Human
Control

Preserve effective
human oversight
and intervention

Prevent loss of
human authority

Accountability and
operational control

from creating
new human-
factor risks

Transparency and | Make system Reduce Better understanding and
Explainability behavior and uncertainty about | decision support
relevant autonomous
reasoning actions
understandable
Calibrated Trust Align reliance Avoid Appropriate use of
with actual overreliance and | autonomy
system capability | underuse
Situational Maintain Prevent cognitive | Effective monitoring and
Awareness understanding of | disengagement intervention
system and
operational states
Cognitive Match assistance | Prevent overload | Sustainable human
Compatibility and | to human and underload performance
Workload cognitive
Management capabilities
Adaptive Human- | Enable context Support changing | Effective Human-
Autonomy sensitive operational Autonomy Teaming
Coordination collaboration demands
Clear Authority Define decision Prevent Accountability and
and Responsibility | and control ambiguity in coordinated action
boundaries human system
roles
Safety Centered Use autonomy to | Prevent Safer and more resilient
Intelligent strengthen overall | technology operations
Assistance system safety driven design

As summarized in Table 1, the proposed principles address
different but closely interconnected dimensions of human centered
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autonomy. Meaningful human control and clear authority establish
the governance of human-autonomy interaction, while transparency,
explainability, and calibrated trust support the operator's
understanding of and appropriate reliance on autonomous behavior.
Situational awareness and cognitive compatibility address human
performance requirements, whereas adaptive coordination and
safety centered assistance focus on the effectiveness of the combined
human—autonomy system. Consequently, these principles should be
implemented as an integrated design framework rather than as

independent technical requirements.
TECHNOLOGY

HUMAN
Human capabilties, Autonomous functions,
Al interfaces,
algorithms and data

training, experience
and well-being 1. MEANINGFUL
~="|  HUMAN CONTROL

Preserve human oversight,
influence and intervention
8. SAFETY-CENTERED s
INTELLIGENT ASSISTANCE
Use autonomy to enhance
safety, resiience and
human performance in
CLEAR AUTHORITY & 3. CALIBRATED TRUST

g
RESPONSIBILTY HUMAN-AUTONOMY S
o oot TEAM it
‘accountability clearly. Collaborative, adaptive and limitations.
and resilient partnership
N for safe and effective ’
% m aviation operations @
\
6. ADAPTIVE HUMAN- t 4. SITUATIONAL
AUTONOMY COORDINATION AWARENESS
Enable flexible teamwork \ Maintain operator /
through context-sensitive .| understanding of the /
. . ~ < | 5. COGNITIVE COMPATIBLLITY A
information sharing and & WoRLoAn MANAGEMENT‘ system and operational

|
task coordination. context.
Design interactions that match
OPERATION
= Standards, certification,

Narwscopts cabsblities’ | "~ REGULATION /==

and keep workload within i scaton, | THIL
procedures, roles \c oo iodle J. o ‘policy frameworks and _/
and environment e ethical considerations

2. TRANSPARENCY &
EXPLAINABILITY
Make system status,
intentions and reasoning

Operational context,

The eight principles work together at the core of the system, while human, technology, operation, and regulation
provide the essential context and constraints for human-centered autonomous aviation.

Figure 2 Proposed Human Centered Design Framework for Future
Autonomous Aviation Systems

CHALLENGES AND FUTURE PERSPECTIVES

The transition toward human centered autonomous aviation
presents significant opportunities for improving operational
performance and safety, but it also introduces challenges that extend
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beyond the technical development of autonomous functions. As
autonomy becomes increasingly integrated into safety critical
aviation operations, future systems will need to demonstrate not only
technical reliability but also compatibility with human cognitive
characteristics, operational responsibilities, and regulatory
expectations. The successful implementation of human centered
autonomy will therefore require coordinated progress across
technological, human factors, operational, and regulatory
dimensions (Kirwan, 2025; Ziakkas et al., 2025).

One of the primary challenges concerns the increasing
complexity of artificial intelligence and autonomous decision
making. Advanced Al systems may process large volumes of data
and generate recommendations or actions that are difficult for
operators to fully interpret. This creates a potential conflict between
increasing technological capability and maintaining meaningful
human understanding. Future research should therefore investigate
how transparency and explainability can be incorporated into
autonomous aviation systems without creating additional cognitive
workload. The objective should not be to expose every aspect of
algorithmic processing, but to provide operators with information
that is operationally relevant and sufficient for effective oversight
and decision-making (de Visser et al., 2018; Kirwan, 2025).

A closely related challenge involves maintaining appropriately
calibrated trust. As autonomous systems become more reliable and
capable, pilots may increasingly depend on their recommendations
and actions. However, excessive reliance can reduce active
monitoring, whereas insufficient trust may result in rejection or
underuse of beneficial autonomous capabilities. Future autonomous
aviation systems should therefore incorporate interaction
mechanisms that help operators understand system capabilities,
limitations, and changes in performance. Attention should also be

given to trust repair following unexpected or incorrect autonomous
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behavior, since effective long-term human-autonomy collaboration
depends on the ability to restore appropriate reliance after system
failures (de Visser et al., 2018).

Another important issue is the dynamic allocation of tasks and
authority between humans and autonomous agents. Traditional
function-allocation approaches may be insufficient for environments
in which autonomous systems can adapt their behavior and take
greater initiative. Future Human-Autonomy Teaming concepts will
require more flexible approaches that determine how responsibilities
should change according to operational conditions, workload,
system capability, and unexpected events (Bjurling et al., 2024). At
the same time, increased flexibility should not create ambiguity
regarding decision authority or accountability. Meaningful Human
Control therefore remains essential for ensuring that increasing
autonomy does not separate operational actions from identifiable
human responsibility (Calvert, 2025).

The changing role of aviation personnel represents an
additional challenge. As pilots increasingly transition from direct
controllers toward supervisors and collaborative partners of
intelligent systems, traditional competencies may no longer be
sufficient. Future operators will need to understand the capabilities
and limitations of AI supported systems, interpret autonomous
recommendations, manage trust, maintain situational awareness
under high levels of automation, and intervene effectively when
system behavior deviates from expectations. Emerging training
approaches, including immersive simulation environments, may
provide opportunities to develop and evaluate these competencies
under realistic but controlled conditions (Ziakkas et al., 2025).

These issues are particularly relevant to emerging operational
concepts such as Single-Pilot Operations. Reducing flight crew
while increasing technological support creates new questions
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regarding workload, resilience, decision-making, and the ability to
manage abnormal situations. Future studies should therefore
evaluate human centered autonomous technologies under realistic
operational scenarios rather than focusing exclusively on isolated
technical performance. The effectiveness of intelligent assistance
should be assessed according to its contribution to the combined
performance of the pilot and autonomous system, particularly during
high-workload and unexpected situations (Wang et al., 2023;
Saunders et al., 2026).

Regulatory and certification considerations will also play a
critical role in determining how autonomous aviation technologies
are implemented. As autonomous agents acquire greater decision-
making capability, existing assumptions concerning human
responsibility, system authority, and operational oversight may need
to evolve. The principles of Meaningful Human Control can provide
an important conceptual foundation for this process by maintaining
a clear relationship between autonomous actions and responsible
human agents (Calvert, 2025). Nevertheless, translating such
principles into practical requirements for system design,
certification, training, and operations remains an important area for
future development.

More broadly, future research should move beyond evaluating
human and autonomous performance as separate elements. The
relevant unit of analysis should increasingly become the integrated
human—autonomy system. This perspective requires evaluation
methods capable of examining how trust, workload, situational
awareness, system transparency, authority, and adaptive
coordination interact over time. Human centered autonomous
systems should ultimately be assessed according to whether the
combined system performs safely and resiliently across routine,
complex, and unexpected operational conditions (Bjurling et al.,

2024; Kirwan, 2025).
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The framework proposed in this chapter provides a conceptual
foundation for addressing these challenges, but its principles will
require further validation in specific aviation contexts. Future studies
could examine how the proposed principles apply to intelligent flight
deck assistants, Single-Pilot Operations, highly autonomous aircratft,
and emerging eVTOL environments. Experimental and simulation-
based research may also help determine how individual principles
interact and whether their relative importance changes according to
autonomy level, operational phase, or task complexity. Such
validation would support the transition from broad human centered
design principles toward measurable design and evaluation
requirements for future autonomous aviation systems.

Overall, the future of autonomous aviation should not be
defined solely by how much authority can technically be transferred
to machines. A more meaningful measure of progress will be the
extent to which increasingly capable autonomous systems can
operate as understandable, trustworthy, and effective partners while
preserving appropriate human authority and responsibility. Human
centered autonomy therefore represents not a limitation on
technological development, but a design philosophy for ensuring
that technological capability contributes to safer and more resilient
aviation operations.

CONCLUSION

The transition from automation toward increasingly
autonomous and Al enabled aviation systems represents a
fundamental transformation in the relationship between humans and
technology. As autonomous systems acquire greater capabilities for
information processing, decision support, adaptation, and
independent action, the traditional role of the human operator is
progressively shifting from direct control toward supervision,
coordination, and collaboration. This transformation requires
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aviation system design to move beyond conventional automation
centered approaches and adopt a Human Centered Design
philosophy in which technological capability is developed in
accordance with human cognitive characteristics, operational
responsibilities, and safety requirements.

This chapter has examined this transition through the
interconnected  concepts of Human—Autonomy Teaming,
Meaningful Human Control, trust, transparency, explainability,
situational awareness, cognitive workload, and intelligent decision
support. The discussion demonstrates that increasing autonomy
should not be interpreted as a progressive removal of humans from
aviation systems. Rather, autonomy changes the nature of human
involvement and creates new requirements for effective coordination
between human operators and intelligent agents. The performance of
future autonomous aviation should therefore be evaluated at the level
of the integrated human-autonomy system, rather than by
considering human and technological performance independently.

Based on the synthesis of the reviewed literature, this chapter
proposed eight Human Centered Design principles for future
autonomous aviation systems: meaningful human control,
transparency and explainability, calibrated trust, preservation of
situational awareness, cognitive compatibility and workload
management, adaptive human—autonomy coordination, clear
authority and responsibility, and safety centered intelligent
assistance. Together, these principles emphasize that autonomous
systems should remain understandable, appropriately controllable,
cognitively compatible, and operationally aligned with human
capabilities and responsibilities. The proposed framework further
situates these principles within four interconnected dimensions
“human, technology, operation, and regulation” highlighting that
human centered autonomy cannot be achieved through interface or

technological design alone.
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Emerging applications such as intelligent flight deck
assistants, Single-Pilot Operations, Al supported decision making,
and future eVTOL environments illustrate the practical relevance of
this perspective. These concepts may provide substantial benefits in
terms of workload management, information processing, and
operational support; however, their success will depend on
maintaining appropriate human engagement, authority, and
preparedness for unexpected conditions. Future research should
therefore focus not only on improving autonomous capability but
also on validating how human centered principles influence the
safety, resilience, and effectiveness of human-autonomy interaction
across different operational contexts.

Ultimately, the future of autonomous aviation should not be
defined by the extent to which humans can be removed from
operational processes, but by the effectiveness with which human
expertise and autonomous capability can be integrated. Human
centered autonomy therefore represents a shift from designing
systems that replace human functions toward designing systems that
strengthen human-autonomy collaboration. Maintaining this
perspective will be essential for ensuring that future autonomous
aviation systems remain not only technologically advanced, but also
understandable, trustworthy, controllable, and safe.
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BOLUM 3

INSANSIZ HAVA ARACLARI iCIN
KOMPOZITLER

BEKTAS AKGUL!

CIHAT AYDIN?

Giris
Insansiz hava araglar1 (IHA), {izerinde insan pilot
bulunmaksizin uzaktan kumanda, yar1 otonom ya da tam otonom
kontrol sistemleri araciligiyla gorev icra edebilen hava platformlar
olarak tamimlanmaktadir. Son yillarda IHA sistemleri savunma,
kesif-gdzetleme, haritalama, tarim, afet yonetimi, lojistik ve cevresel
izleme gibi farkli alanlarda giderek daha yaygin big¢imde
kullanilmaktadir. Bu platformlarin gérev basaris1 yalnizca elektronik
donanim, yazilim altyapisi, haberlesme sistemleri ve kontrol
birimlerinin etkinliiyle smirli kalmamaktadir. Govde, kanat,
pervane, inis takimi ve tasiyict yapr elemanlarinda kullanilan
malzemelerin mekanik ve yapisal performansi da ugus siiresi, faydali
yiik kapasitesi, manevra kabiliyeti, enerji verimliligi ve yapisal
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giivenilirlik tizerinde dogrudan belirleyici olmaktadir. Bu nedenle
IHA tasariminda malzeme se¢imi, aerodinamik ve mekanik tasarim
stirecleriyle birlikte ele alinmasi gereken kritik bir miihendislik
problemi olarak degerlendirilmektedir.

Havacilik uygulamalarinda kullanilan malzemelerden diisiik
yogunluk, yiiksek 0©zgil mukavemet, yiliksek rijitlik, yorulma
dayanimi, korozyon direnci ve c¢evresel kosullar altinda kararli
davranis gostermesi beklenmektedir. Geleneksel olarak aliiminyum
ve titanyum alasimlar1 havacilik yapilarinda yaygin bi¢imde
kullanilmistir. Hafiflik gereksiniminin artmasiyla birlikte kompozit
malzemeler, [HA tasarimlarinda daha fazla tercih edilen mithendislik
malzemeleri haline gelmistir. Kompozit malzemeler, matris ve
takviye elemani olmak iizere en az iki farkli bilesenin bir araya
getirilmesiyle olusturulmakta ve bu bilesenlerin tek basina
saglayamadigi iistiin 6zellik kombinasyonlarini ortaya koymaktadir.
Ozellikle polimer matrisli karbon fiber takviyeli kompozitler,
yiksek mukavemet/agirlik orani ve tasarim esnekligi nedeniyle
havacilik ve THA uygulamalarinda éne ¢ikmaktadir (Parveez et al.,
2022).

[HA’larda kompozit malzeme kullanimmi belirleyen temel
etkenlerden biri yapisal agirligin azaltilmasidir. Toplam kiitlede
saglanan azalma, ayni enerji kaynagiyla daha uzun ugus siiresi, daha
yiiksek faydali yiik kapasitesi ve daha verimli gorev performansi
elde edilmesine katki saglamaktadir (Xu et al, 2022). IHA’larda
hafiflik  gereksiniminin  gdvde malzemelerindeki  gelisimi
hizlandirdigini ve karbon fiber kompozitlerin aliiminyum ile
titanyum gibi hafif metal malzemelerden sonra IHA yapilarinda
onemli bir konuma ulastigin1 belirtmektedir. Bu dogrultuda karbon
fiber kompozitler yalnizca tasiyict govde malzemesi olarak
degerlendirilmemekte, radar sogurucu/iz azaltic1 yapilar ve yapisal
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enerji depolama gibi cok islevli uygulamalar kapsaminda da
arastirllmaktadir (Xu et al., 2022).

Kompozit malzemelerin IHA tasarimina sagladigi baslica
katkilardan  biri, yapilarin gorev  gereksinimlerine  gore
ozellestirilebilmesidir. Fiber yonlenmesi, tabaka dizilimi, matris tiirii
ve lretim yontemi degistirilerek malzemenin mekanik davranisi
belirli yiikleme kosullarina uygun bigimde diizenlenebilmektedir. Bu
ozellik, 6zellikle kanat, gévde ve kuyruk gibi aerodinamik etkiler ile
yapisal yiiklerin birlikte karsilandigi bilesenlerde belirgin avantaj
olusturmaktadir(Rekatsinas et al, 2024). Kompozit IHA yapilarinin
tasariminda geleneksel izotropik malzemelerden farkli bir yaklagim
gerektigini, tabakali yapilarin, sandvi¢ panellerin ve ¢ok disiplinli
optimizasyon yontemlerinin agirlik ve dayanim hedeflerini birlikte
karsilamada o©nemli oldugunu vurgulamaktadir. Bu durum,
kompozitlerin IHA tasariminda yalmizca alternatif bir malzeme
grubu olarak degil, tasarim yaklasimin1 doniistliren stratejik bir
unsur olarak degerlendirilmesi gerektigini gostermektedir.

[HA yapilarinda kullanilan kompozit sistemler icinde
sandvi¢ kompozitler de dikkat c¢ekici bir yer tutmaktadir. Sandvig
yapilar genel olarak iki ince ve dayanikli yiizey tabakasi ile bu
tabakalar arasinda konumlanan hafif ¢ekirdek malzemeden meydana
gelmektedir. Bal petegi, kopiik ya da benzeri ¢ekirdek yapilar
sayesinde diisiik agirhikla yliksek egilme rijitligi  elde
edilebilmektedir. Bu 6zellik, kanat panelleri, govde kaplamalar1 ve
kontrol ylizeyleri gibi genis yiizeyli havacilik bilesenlerinde dnemli
tasarim avantajlar1 saglamaktadir(Castanié et al, 2020). Sandvig
yapilarin havacilik uygulamalarinda uzun stiredir kullanildigini ve
ozellikle hafiflik ile yiiksek yapisal performansin birlikte
hedeflendigi tasarimlarda tercih edildigini ifade etmektedir.

Bununla  birlikte ~ kompozit  malzemelerin ~ IHA
uygulamalarinda kullanimi bazi teknik sorunlari da beraberinde
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getirmektedir. Darbe hasari, delaminasyon, tiretim kaynakli kusurlar,
nem ve sicaklik etkileri, bakim-onarim giicliikleri ve hasar tespitinin
karmagik yapist bu sorunlar arasinda yer almaktadir. Karbon fiber
takviyeli polimer kompozitler yiiksek diizlem i¢ci mukavemet ve
rijitlik gostermesine karsin, diizlem dis1 darbe yiiklemelerine karsi
daha hassas davranabilmekte ve bu durum delaminasyon gibi i¢
hasar mekanizmalarina neden olabilmektedir (Sarvestani vd., 2017).
Kompozit yapilarda bazi hasarlarin dis ylizeyden kolaylikla fark
edilememesi, tahribatsiz muayene yontemlerini yapisal giivenligin
saglanmasinda zorunlu hale getirmektedir. (Wang et al., 2020).
ultrasonik test, termografi, akustik emisyon, shearografi ve X-1s1n1
goriintiileme gibi yontemlerin kompozit yapilardaki hasar ve
kusurlarin  belirlenmesinde yaygin olarak degerlendirildigini
belirtmektedir.

Bu seminer calismasmin amaci, [HA’larda kullanilan
kompozit malzemelerin temel 6zelliklerini, sagladigi avantajlari,
uygulama alanlarim1 ve karsilagilan teknik sorunlari akademik
kaynaklar dogrultusunda incelemektir. Calisma kapsaminda
oncelikle kompozit malzemelerin genel yapist ve smiflandirilmasi
ele alinmakta, ardindan karbon fiber, cam fiber, aramid fiber ve
sandvi¢ kompozitlerin IHA bilesenlerindeki kullanim alanlar
degerlendirilmektedir. Devaminda kompozitlerin HA
performansina etkileri, iiretim yontemleri, hasar mekanizmalari,
bakim-onarim gereksinimleri ve gelecek egilimleri incelenmektedir.
Boylece kompozit malzemelerin IHA teknolojilerindeki stratejik
rolii, malzeme bilimi ve havacilik miihendisligi ekseninde biitiinciil
bicimde ortaya konulmaktadir.

Kompozit Malzemelere Genel Bakis

a. Kompozit Malzeme Tanimi
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Sekil 1. Kompozit Malzemelerin Genel Ozellikleri ve Kullanimi
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Kaynak: Evdil (2020)

Fiziksel, mekanik ve kimyasal nitelikleri bakimindan
birbirinden ayrilan iki ya da daha fazla malzemenin belirli bir diizen
icinde birlestirilmesiyle meydana getirilen ve bilesenlerinden farkli
karakteristikler tasiyan malzemeler kompozit malzeme olarak
tanimlanmaktadir. Kompozit malzemeler, yapilarinda yer alan
bilesenlerle karsilastirildiginda akma dayanimi, kopma dayanimu,
rijitlik, kirilma toklugu, kiitle-hacim iligkisi ve yiliksek sicaklik
kosullarma diren¢ gibi ozellikler agisindan 0Ozgiil nitelik
kombinasyonlar1 ortaya koymaktadir (Rajak et al., 2019). Soz
konusu malzeme birliktelikleri, kompozitlerin uzay ve havacilik,
otomotiv, savunma, spor, ulastirma ve insaat alanlarinda genis bir
kullanim zemini kazanmasina yol agmakta ve bu kullanim alanlar
zaman i¢inde giderek yayginlasmaktadir. Kullanim yogunlugu son
ylizyilda belirgin bicimde artmis olmakla birlikte kompozit
malzemelere iliskin uygulamalarin kokeni antik donemlere kadar
uzanmaktadir. Kirillgan yapidaki malzemelere dayanimi yiiksek
hayvansal ve bitkisel katkilarin dahil edilmesi yoluyla ana yapinin
mekanik niteliklerinin gelistirilmesi, yapt insasinda kullanilan
kerpigler ile savunma amaci tagiyan yaylarda karsilik bulmaktadir.

--05--



Resim 1. Hafif ve Giiclii Kompozit Malzeme
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Kaynak: Nanotoz (t.y.)

Resim 2. Savunma Sanayinde Iletken Kompozitlerin Stratejik
Onemi

Kaynak: Profesor administrator (t.y.)

Kompozit malzemeler, bilesimsel yap1 bakimindan matris
faz1 ve takviye fazi olmak iizere iki temel unsurdan meydana
gelmektedir. Endiistriyel kullanima elverisli mekanik davranislarin
kompozit malzemelere kazandirilmasi, bu iki fazin birlikte
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olusturdugu yapisal diizen sayesinde gerceklesmektedir. Matris fazi,
takviye elemanlarini biitiinciil bir yapi iginde tutarak malzeme
stirekliligini korumaktadir. Bununla birlikte kompozit malzemeye
etki eden kuvvetlerin takviye elemanlarina aktarilmasini saglayarak
malzemenin hasara ugrama egilimini sinirlandirmaktadir. Takviye
faz1 ise matris malzemesine kiyasla daha sert ve daha yiiksek
dayanimli bir yap1 sergilediginden, kompozit malzemeye akma
dayanimi, kopma dayanimi ve kirilma toklugu gibi mekanik
ozellikler kazandirmaktadir (Cantor vd., 2011).

b. Kompozit Malzemelerin Siniflandirilmasi

Kompozit malzemelerin mekanik nitelikleri, daha dnce ifade
edildigi iizere, yapiy1 meydana getiren matris fazi ile takviye fazinin
ortak etkisiyle kazandirilmaktadir (Rajak et al., 2019). Bu ¢ercevede
kompozit malzemeler, yapisal bilesimlerinde yer alan matris tiirii ve
takviye elemanlarinin 6zellikleri esas alinarak siniflandirilmaktadir.

1. Matrise Gore Kompozit Malzemeler

Kompozit malzemelerde matris fazi, yapiya dig goriinlimiinii
kazandiran ve bilesenlerin bir arada bulunmasina zemin hazirlayan
temel unsur olarak degerlendirilmektedir. Matris malzemesi,
kompozit yap1 icerisinde siirekliligin korunmasina katki vermekte ve
dis etkilerden kaynaklanan darbe yiiklerine karsi direng
olusturmaktadir. Kompozitlerin siniflandirilmasinda kullanilan
malzeme tiirleri temel belirleyici Olgiitlerden biri olarak kabul
edilmektedir. Bu kapsamda matris esasmna gore kompozit
malzemeler, Metal Matris Kompozitler (MMK), Polimer Matris
Kompozitler (PMK) ve Seramik Matrisli Kompozitler (SMK) olmak
iizere li¢ ana grup altinda ele alinmaktadir (Sharma et al., 2020).
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Resim 3. Grafen Takviyeli Karbon Elyaf Kompozitlerin
Dayaniklilik ve Uygulamalart

Kaynak: Nanokar (2025)

Metal Matris Kompozit Malzemelerde matris fazim
Aliiminyum (Al), Bakir (Cu), Magnezyum (Mg), Nikel (Ni),
Titanyum (Ti) ve bu metallere ait alagimlar meydana getirmektedir.
Bu malzemelerin MMK yapilarinda tercih edilmesi, yliksek aginma
direncleri ile gelismis mekanik ve termal niteliklerinden
kaynaklanmaktadir. Aliminyum ve alasgimlar1 diisiik yogunluklari,
islenebilirlik diizeyleri, korozyon direngleri ve yiiksek ozgiil
mukavemetleri nedeniyle MMK’lerde matris bileseni olarak
kullanilmaktadir. Aliiminyum esasli MMK iiretiminde, matris ile
takviye fazi arasindaki baglanma gii¢liikleri dikkate alindiginda
islanabilirligi  yiiksek takviye malzemelerinin se¢imi  One
cikmaktadir. Aliminyumun siinek karakter tagimasi, yiliksek sertlik
degerine sahip takviye malzemelerine yonelik ilgiyi artirmaktadir.
Bu kapsamda Aliiminyum MMK’lerde Al,O3, TiB2, TiO2, SiC, TiC
ve B4C gibi karbiir, oksit ve borit esasl takviyeler endiistriyel
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uygulamalarda yaygin bigcimde yer almaktadir. Aliiminyum
MMK ler yiiksek mukavemet, diigiik maliyet ve hafiflik 6zellikleri
nedeniyle uzay ve havacilik basta olmak {izere savunma, otomotiv,
demiryolu ve deniz tagimacilifi, elektrik-elektronik, hobi ve spor
endiistrilerinde kullanilmaktadir (Cantor vd., 2011).

Bakir ve alagimlarinin matris malzemesi olarak kullanildig:
MMKler son yillarda daha fazla dikkat ¢ekmektedir. Bu durum,
bakir esasli malzemelerin elektrik iletkenligi, yliksek korozyon
direnci, yorulma dayanimi ve yliksek oOzgil agirhik gibi
niteliklerinden kaynaklanmaktadir. Bakir esasli MMK iiretiminde
SiC gibi aginma direnci yiiksek seramik takviyelerin kullanilmasiyla
fiziksel ve mekanik ozellikleri gelistirilmis kompozit yapilar elde
edilmektedir. Bakirin yiliksek elektrik iletkenligi, bu kompozitlerin
elektrik ve elektronik sektoriinde kullaniminmi artirmaktadir. Termal
davraniglari, mekanik dayanimlart ve yogunluklar1 nedeniyle
demiryolu raylari, dis implantlari, medikal cihazlar, 1s1 esanjorleri,
deniz tasimaciligi ve havacilik yapilarinda da kullanim alani
bulmaktadir (Bahador et al., 2020).

Sekil 2. Kompozit Malzemelerin Katki Sekline Gore
Isimlendirilmesi

Pargacik Katkili  Kisa Fiber Katkili Kesintisi Fiber Tabaka Seklinde
Kompozit Kompozit Katkili Kompozit Kompozit
Malzeme Malzeme Malzeme Malzeme

Kaynak: Gazi Akademik Yaymcilik (2023)
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Magnezyum ve alasimlari, endiistride kullanilan farkl
metallere kiyasla diisiik yogunluk, iistiin mekanik davranis, yiiksek
korozyon ve asinma direnci ile diisiik 1s1l genlesme katsayist gibi
ozellikler tasidigindan MMK ’lerde matris bileseni olarak daha fazla
kullanilmaktadir. Magnezyum esaslit MMK iiretiminde Al>Os3, SiC,
BsC ve metalik camlar takviye malzemesi  olarak
degerlendirilmektedir. Bu takviyeler, Magnezyum esasli MMK ’lerin
mekanik ve tribolojik Ozelliklerinin  gelistirilmesine  katki
vermektedir. Titanyum ve alasimlari ise biyouyumlu yapilari, 6zgiil
mekanik oOzellikleri, asinma ve korozyon direngleri nedeniyle
endiistride genis kullanim alanina sahiptir. Titanyum esasli MMK
iretiminde baglanma ozelliklerinde olusabilecek kayiplarin
siirlandirilmast amaciyla Titanyum Boriir (TiB) ve Titanyum
Karbiir (TiC) takviye elemanlar1 kullanilmaktadir. Bu takviyelerle
iiretilen Titanyum esasli MMK ler, yiiksek sicaklik kosullarinda
caligma kabiliyetini artirmakta ve yliksek diizeyde 6zgiil mekanik
ozellikler kazanmaktadir. Titanyum MMK’ler biyomedikal endiistri,
otomotiv, uzay ve havacilik sektorlerinde yaygin bigimde
kullanilmaktadir (Rajak et al., 2019).

Matris fazinin termoset ya da termoplastik malzemelerden,
takviye fazinin ise cam, karbon ve aramid elyaflardan olustugu
kompozitler ~Polimer Matrisli Kompozit (PMK) olarak
adlandirilmaktadir. Teknolojik gelismelerle ilerleyen elyaf {iretimi,
geleneksel metal malzemelerde goriilen sinirliliklar, iiretim kolaylig
ve disiik maliyet PMK’lerin miihendislik uygulamalarinda
yayginlagsmasina zemin hazirlamistir. Elyaf takviyeleriyle birlikte
PMK’ler yiiksek ¢ekme mukavemeti, yiiksek sertlik, kirilma
toklugu, korozyon direnci, asinma direnci ve delinme direnci
gostermektedir (Cantor vd., 2011). Bunun yaninda diisiik termal
diren¢ ve yiiksek termal genlesme katsayisi da bu malzeme
grubunun Ozellikleri arasinda yer almaktadir. Lifli takviye yapisi
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nedeniyle yiik altinda liflerde kirilmalar meydana gelmekte, polimer
matris ise ylikleri donatilara aktararak kirilmalarin ylizeye
taginmasini sinirlandirmaktadir. Bu davranig, matris malzemesine
sonlimleyici nitelik kazandirmakta ve rezonans benzeri istenmeyen
etkilerin azaltilmasina katki vermektedir. PMK’ler bu o6zellikleri
nedeniyle uzay ve havacilik alaninda iskelet ve kabuk yapilarda
sikca kullanilmaktadir. Yiiksek 6zgil mekanik ozellikleri, hafif
yapilar1 ve korozyon direngleri nedeniyle endiistriyel alanlarda ve
giindelik yasam uygulamalarinda yer almaktadir. Uzay ve havacilik,
medikal cihazlar, otomobil sektorii, karayolu yapilari, demiryolu ve
deniz tasimaciligl, ahsap ve mobilya sektorii, kap1 panelleri, kaplama
yapilari, spor ve hobi ekipmanlart bu kullanim alanlar1 arasinda
gosterilmektedir (Sharma et al., 2020).

Resim 4. Kompozit Malzemelerin Genel Ozellikleri ve Kullanimi

Kaynak: Erdil (2020)

Seramik malzemeler yiiksek sicaklik dayanimi, yiiksek
sertlik, hafiflik, kimyasal kararlilik, asinma direnci ve {istiin basma
mukavemeti ile tanimlanmaktadir. Buna karsin disik tokluk
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degerleri nedeniyle yapisal uygulamalardaki kullanim alanlar1 sinirh
kalmaktadir. Yiiksek sicaklik kosullarinda calisabilen ve daha
yiiksek tokluk gosteren malzemelere duyulan gereksinim, Seramik
Matrisli Kompozitlerin endiistriyel acidan deger kazanmasina neden
olmaktadir. SMK iiretiminde matris fazini olusturan seramik yapi,
stirekli ve siireksiz liflerle takviye edilmektedir. Lif takviyeleri,
kompozit blinyesinde c¢evresel direng olusturarak ozellikle yiiksek
sicakliklarda gergeklesen yiiklemeler karsisinda yapinin kararliligini
korumasina katki vermektedir. Kesici takimlar, 1s1 motorlari, tank
giic aktarma organlari, denizalti salmastralari, rulmanlar ve tiirbinler
SMK’lerin uygulama alanlarina 6rnek olusturmaktadir (Bahador et
al., 2020).

2. Takviye Elemanina Gére Kompozit Malzemeler

Kompozit malzemelerin termal ve mekanik nitelikleri,
takviye fazinin mikro yapisi, takviye tiirli, asindirict karakteri,
araylizey baglanma durumu, hacimsel oran1 ve pargacik boyutu gibi
etkenlere bagli olarak degismektedir. Takviye elemanlarinin
kompozit yap1 icerisindeki temel islevi, malzemeye etki eden
kuvvetlerin tasinmasina katki vermek, matris fazinin rijitlik ve
mukavemet diizeyini gelistirmektir (Liitjering vd., 2007). Bu
kapsamda kompozit malzemeler, kullanilan takviye elemaninin
yapisal niteligi dikkate alinarak da siniflandirilmaktadir. Takviye
tiiri esas alindiginda kompozit malzemeler pargacik takviyeli, elyaf
takviyeli ve tabakali kompozitler olmak tizere ii¢ temel grup altinda
incelenmektedir.
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Sekil 3. Kompozit Malzemelerin Siniflandirilmast

KOMPOZIT MALZEME
Elyaf Takviyeli Pargacik Takviyeli Tabakah Karma
Kompozitler Kompozitler Kompozitler Kompozitler

\\\
Matri b 1 - Mt ’
* Pactikis .] \', W] ! * Tabakah \
Yy ) >

>

EN

Kaynak: Aydemir (2021)

Parcacik takviyeli kompozit malzemeler, siinek ozellik
gosteren matris fazi igerisinde yer alan ve matrisle bag kurarak
tokluk ile dayanim degerlerini artirmayr amaclayan kiiciik, sert ve
gevrek parcaciklarin takviye unsuru olarak kullanildigi malzeme
sistemleri olarak tanimlanmaktadir. Bu tiir kompozitlerde takviye
faz1 boyutsal acidan makro dlgekte degerlendirilmektedir. Diizenli
ya da diizensiz boyutlara sahip seramik pargaciklar, bu kompozit
grubunda yaygin bicimde kullanilmaktadir. Parcacik takviyeli
kompozit malzemelerin {iiretiminde toz metaliirjisi, diflizyonla
baglama, mekanik alasimlama ve dokiim yontemlerinden
yararlanilmaktadir. Uretim siirecinde pargaciklarin matris fazi
icerisinde homojen bicimde dagilmasi, kompozit biitiinliigiin
korunmasi acisindan temel bir gereklilik tagimaktadir. Parcaciklarin
matris i¢inde diizensiz yerlesmesi, ylikleme kosullar1 altinda
bolgesel catlak olusumuna neden olmakta ve catlama, carpilma,
kirilma ya da kopma gibi istenmeyen hasar bicimlerinin ortaya
¢ikmasina zemin hazirlamaktadir (Cantor vd., 2011).

Elyaf takviyeli kompozit malzemeler, kompozit tiirleri
arasinda Uretimi ve kullanim1 en yaygin olan gruplardan biri olarak
degerlendirilmektedir. Bu malzemelerde yiiksek mukavemet,
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iiretilebilirlik ve esneklik gibi iistiin nitelikler tagiyan lifli yapiya
sahip elyaflar takviye fazi olarak kullanilmaktadir. Cam elyaf,
karbon elyaf ve aramid, bu grupta yer alan baslica takviye elemanlari
arasinda gosterilmektedir. Elyaf takviyeli kompozitlerin mekanik
davranisi, elyaf ile matris arasindaki arayiizey baglanma niteligine,
liflerin yonlenme diizenine ve lif boyutlarina bagli olarak
sekillenmektedir. Bu nedenle elyaflarin yap1 igindeki konumu ve
boyutsal Ozellikleri, malzemenin yiik tasima davranisinin
belirlenmesinde belirleyici rol tistlenmektedir. Elyaf takviyeleri, lif
yapisinin siireklilik durumuna gore siireksiz lif takviyeli ve stirekli
lif takviyeli sistemler kapsaminda ele alinmaktadir (Xu et al., 2022).

Tabakali kompozit malzemeler, iki ya da daha fazla
malzemenin benzer veya farkli dogrultularda st {iste
yerlestirilmesiyle katmanli yapi1 biciminde meydana getirilen
kompozit sistemler olarak ifade edilmektedir. Bu katmanlar cam,
ahsap, metal ya da plastik esasli malzemelerden olusabilmektedir.
Uretim asamasinda katmanlar tek bir malzeme tiiriinden secilebildigi
gibi farkli malzeme kombinasyonlariyla da olusturulmaktadir.
Korozyon ve 1siya karsi direng gostermeleri, yiiksek mukavemet
ozellikleri ve hafif yapilar1 nedeniyle uzay ve havacilik arag
bilesenlerinde, otomobil pargalarinda, riizgar tiirbini kanatlarinda,
tekne govdelerinde ve hobi araclarinda kullanim alani bulmaktadar.
Mekanik ozellikleri yoniinden degerlendirildiginde tabakali
kompozitler diisiik yogunluk, yliksek mukavemet-agirlik orani,
tistlin korozyon direnci, yliksek ¢entik dayanimi, darbe ve yorulma
direnci, iiretim ve onarim kolaylig ile yiiksek 6zgiil statik 6zellikler
gostermektedir (Liitjering vd.,2022). Bu nitelikler, biiyiik olciide
takviye elemanlarinin yonelim agilarina bagh olarak degismektedir.
Tabakali kompozitler diiz, dalgali ve dairesel formlarda
iretilebilmektedir.

¢. Kompozit Malzemelerin Teknolojik Ozellikleri
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Yalitim, ¢agdas mimari uygulamalarda yasam konforuna,
ekonomik verimlilige ve ekolojik dengeye katkisi nedeniyle yapi
sektoriiniin temel unsurlarindan biri haline gelmektedir. Bina ile yap1
icinde bulunan canli ve cansiz varliklarin giiriiltli, yangin, soguk ve
sicak etkilerine kars1 korunmasi amaciyla alinan teknik onlemler
yalitim kapsaminda tanimlanmaktadir. Uygun yalitim uygulamalari,
yapinin fiziksel biitlinliigiinii korumakta ve kullanim alanlarinda
saglik kosullartyla uyumlu konfor diizeyinin olusturulmasina katki
vermektedir (Kaya, 1995).

Ist yalitimi, yap1 bilesenlerini dis ¢evre etkilerine karsi
korumayi, degisen mevsim kosullarinda kullanim amacina uygun
saglikli ve ekonomik konfor kosullar1 olusturmayi, yap1 elemanlari
iizerinden gerceklesen 1s1l enerji gegisini azaltmay1 amaglamaktadir.
Insaat teknolojilerindeki gelismeler ve betonarmenin tasiyici sistem
olarak kullanilmasi, duvar kalinliklarinin azalmasina neden olmakta
ve 181, nem, ses ile yanma davranisina iliskin yapi fizigi sorunlarini
giindeme getirmektedir. Cok katli yapilarda 1s1 kayiplariin %401,
tek katli yapilarda ise %25°1 duvarlar yoluyla gerceklesebilmektedir.
Is1, farkli sicaklik degerlerine sahip ortamlar arasinda sicaktan
soguga dogru hareket ederek dengeye yonelmektedir. Yalitim
malzemeleri, 1s1 iletkenlik katsayilar1 ve kalinliklarina bagli olarak
bu gecise direng gostermektedir. Is1 yalittm malzemelerinin bosluk
oraninin yliksek, yogunlugunun diisiik ve nem igeriginin az olmasi
gerekmektedir. Enerji tasarrufu agisindan 1s1 iletim katsayisinin
diistik, buhar diflizyon direncinin yiiksek, yanicilik egiliminin sinirli,
cevre ve saglik kosullarina uygun, ciirime ile fermantasyona
dayanikli ve nem tutmayan yapida olmasi beklenmektedir (Vasiliev
vd., 2001).

Ses, hava, su ya da benzeri elastik ortamlarda basing
degisimleriyle yayilan ve insan kulagi tarafindan algilanan bir
uyaran olarak agiklanmaktadir. insan kulag:i 20 Hz ile 20.000 Hz
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araligindaki sesleri isitebilmektedir. Diizensiz spektrumlu sesler
giiriiltii olarak adlandirilmaktadir. Ses absorbsiyonunda, hava
parcaciklar1 yalitim malzemesi i¢inde siirtiinerek ses enerjisinin bir
boliimiini 1s1 enerjisine dontigtiirmektedir. Ses yalitiminda lifli ya da
acik gozenekli malzemeler tercih edilmektedir. Yogun, gozeneksiz
ve homojen yapi elemanlarinda ses yalitimi birim alan agirligiyla
iliskilendirilmektedir. Dogal elyaflar, seliiloz atiklari, kenaf, keten,
kenevir, koyun yiinii, bambu ve Hindistan cevizi lifleri oda akustigi
ile giiriiltii bariyerlerinde ses emici olarak kullanilmaktadir (Vasiliev
vd., 2001).

Yangin yalitimi, yanic1 madde, oksijen ve tutusma sicakligi
kosullarinin kontrol altina alinmasmma dayanmaktadir. Yanma,
oksijenle gerceklesen fiziksel ve kimyasal reaksiyonlar sonucunda
151k, 1s1, su, karbon dioksit ve karbon monoksit olusumuyla
gerceklesmektedir. Malzeme sicakligindaki artis 6z 1s1, yogunluk,
termal iletkenlik, gizli 1s1 ve buharlagsma 1sisina baglidir. Yangin
geciktiriciler yanma kimyasini1 degistirerek alev yayilimini
sinirlandirmakta, komiirlesmeyi artirmakta ve yanict gazlarin
ayrismasini azaltmaktadir. Yanma dayanimi katki orani, kalinlik,
yogunluk ve alevlenebilirlik  Ozelliklerine bagli  olarak
degismektedir. Malzemelerin yangin davraniglarinin
belirlenmesinde DIN 4102 ve BS 476 standartlar1 esas alinmaktadir
(Kaya, 1995).
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Grafik 1. Geleneksel Monolitik Malzemeler ile Kompozit
Malzemelerin Karsilastirtlmasi
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Kaynak: Admin (2020)

Insansiz Hava Araclar

IHA’nin Tanim

Insansiz hava araglar1 (IHA), biinyesinde pilot yer almadan
uzaktan kumanda ile yoOnlendirilen ya da otonom sistemler
araciligiyla isletilen hava araglarini ifade etmektedir. Uluslararasi
Sivil Havacilik Orgiitii'ne gore “Unmanned Aircraft System (UAS)”
kavrami yalnizca hava aracini kapsamamakta, kontrol istasyonu,
veri baglantis1 ve destek unsurlarini igeren biitiinlesik bir sistem
yapisim tanimlamaktadir. Avrupa Havacilik Emniyeti Ajansi, IHA
sistemlerini radyo kontrolli modellerden sabit kanatli hava
araclarina, doner kanatl platformlardan hibrit sistemlere uzanan
genis bir kategori icinde degerlendirmektedir. Amerika Birlesik
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Devletleri Federal Havacilik Idaresi (FAA) ise Part 107
diizenlemesiyle bu araclarin ulusal hava sahasinda giivenli

isletilmesine yonelik esaslar1 belirlemektedir (Federal Aviation
Administration [FAA], 2020).

[HAlar, son yillarda dogal afetlerle miicadele siireglerinde
stratejik bir unsur niteligi kazanmaktadir. Tiirkiye’de meydana gelen
orman yanginlari, depremler ve sel olaylarinda bu sistemler arama-
kurtarma, hasar tespiti, yangin izleme ve afet bolgesinin
haritalanmas1 gibi gorevlerde etkin bicimde kullanilmaktadir. Afet
sahalarinda altyap1 hasarlarinin belirlenmesi, haberlesme aglarinin
yeniden kurulmasina destek verilmesi ve genis alanlarin kisa siirede
taranmas1  bakimmdan IHA’lar yiiksek islevsel kapasite
gostermektedir (Erdelj et al., 2017). Termal kameralarla kayip
kisilerin belirlenmesi ve gercek zamanli veri aktarimi, karar
vericilerin afet kosullarina daha hizli yanit vermesine zemin
hazirlamaktadir.

Tiirkiye’de orman yanginlarryla miicadelede IHA kullanim
2020 yilinda baglamistir. Orman Genel Midiirliigl, yerli tiretim
Bayraktar TB2 tipi IHA’lar1 yanginlarin erken tespiti amaciyla
devreye almistir. Bakanlik a¢iklamalarinda 2020 yangin sezonunda
33 helikopter, 2 ucak ve 1 IHA’min havadan destek verdigi
bildirilmektedir. Bu gelisme, Tiirkiye’nin Avrupa’da orman
yanginlarinda IHA teknolojisini kullanan ilk iilke, diinyada ise ikinci
iilke konumuna gelmesine yol agmistir (Kale, 2026).
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Resim 5. [HA lara Yeni Gérev: Yanginlar Icin Kullanilabilir

Kaynak: Aksan (2019)

2020 yilindan sonra IHA destekli gozlem faaliyetleri giderek
kurumsallagsmaktadir. Orman Genel Midiirliigii verilerine gore
3.000’den fazla orman yangini erken asamada tespit edilmis,
yanginlara ilk miidahale siiresi 40—45 dakikadan 10 dakikaya kadar
diismustiir. Elazig Sivrice depremi, 2021 yangmlari, Bartin,
Kastamonu ve Sinop taskinlart ile 6 Subat 2023 Kahramanmaras
depremleri, IHA kullaniminin farkli afet tiirlerinde yayginlastigimi
gostermektedir. 2024 ve 2025 yillarinda Orman Genel Midiirligi
ile AFAD tarafindan yiiriitiilen galismalar, IHA teknolojisinin afet
yonetimi siireglerinde kurumsal bir bilesen haline geldigini ortaya
koymaktadir (Kale, 2026).

THA’nin Bilesenleri
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Sekil 4. IHA Sistemi Unsurlart
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Kaynak: Thinktech STM Teknolojik Diistince Merkezi (2018)
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Insansiz hava araglar1 (IHA), yalmzca ucan platformdan
olusan araclar kapsaminda degerlendirilmemekte, ucgus kontrol
sistemi, gii¢ sistemi, haberlesme ve veri baglantisi, faydali yiik ile
yer kontrol istasyonu gibi alt bilesenlerin birlikte isledigi biitiinlesik
bir sistem yapisini ifade etmektedir. Bu yapiy1 meydana getiren her
unsur, IHA’nm ugus performansi, gérev giivenilirligi ve enerji
verimliligi iizerinde dogrudan belirleyici etki olusturmaktadir
(Erdelj et al., 2017).

Ucus kontrol sistemi, IHA’nin merkezi ydnetim birimi
niteliginde caligmaktadir. Bu sistem, ataletsel 6l¢iim birimi, jiroskop,
ivmedlger, manyetometre ve barometre gibi sensorlerden elde edilen
verileri isleyerek aracin konumunu, yonelimini ve hizim siirekli
bicimde hesaplamaktadir. Ugus kontrolorleri, otopilot yazilimlariyla
birlikte calisarak rota izleme, otonom geri doniis ve sabit irtifa
koruma gibi gorevleri yerine getirmektedir. Gelismis yapilarda
sensor flizyonu ve model 6ngoriilii kontrol algoritmalar kullanilarak
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manevra hassasiyeti artirilmaktadir. Bu birim, kamera ve haberlesme
modili gibi gorev yiiklerini ydnetmekte, veri baglantisinin
denetimini de gergeklestirmektedir. Enerji verimliligi bakimindan
ucus kontrol birimlerinde diisiik gii¢ tiiketimli mikroislemcilerin
kullanimi kritik deger tasimaktadir (Uragun, 2011).

Gii¢ sistemi, IHA’nin enerji gereksinimini karsilayan temel
yap1 olarak bataryalar, motorlar, elektronik hiz kontrol birimi ve gii¢
dagitim kartindan meydana gelmektedir. Kiiciik ve orta dlgekli IHA
sistemlerinde ¢ogunlukla lityum-polimer bataryalar kullanilmakta,
daha biiyiik platformlarda hibrit-elektrik ya da igten yanmali motor
coztimleri tercih edilmektedir. Uragun (2011), gii¢ bilesenini enerji
verimliligini belirleyen alt1 temel alt sistemden biri olarak
tamimlamaktadir.  Gii¢  sistemlerinde  gerceklestirilen  enerji
optimizasyonu, ucus siiresi ve gorev basarisi lizerinde dogrudan
etkili olmaktadir. Acil durum gorevlerinde enerji yogunlugu yiiksek
batarya teknolojileri operasyonel agidan tistiinliik kazandirmaktadir.

Haberlesme ve veri baglantis1 sistemi, IHA ile yer kontrol
istasyonu arasindaki karsilikli bilgi akisini yiiriitmektedir. Bu
baglanti cogunlukla 2.4 GHz veya 5.8 GHz bandinda radyo frekans1
iizerinden kurulmakta, uzun menzilli gérevlerde uydu baglantis1 ya
da 4G/5G tabanh iletisim sistemleri kullanilmaktadir. Veri
baglantisi, ucus komutlarinin yaninda kamera ve sensorlerden gelen
gorev verilerini de tasimaktadir. Iletisim mesafesinin artmas: ile
iletim giicii gereksinimi de yiikselmektedir (Kale, 2026).
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Resim 6. ASELSAN tn Uydu Haberlesmesi Alanindaki Sistem
(Coziimleri ve Projeleri

defenceturk.net

Kaynak: Kaplan (2021)

Faydali yiik, I[HA nin gorev amacima bagl olarak tasidig
kamera, LIDAR, termal sensor, radar modiilii, iletisim rolesi ve
kimyasal sensdr gibi donanimlar1 kapsamaktadir. Bu bilesenler
aracin  agirlbk  merkezini  ve enerji tiikketimini dogrudan
etkilemektedir. Her sensor ya da gorev modiilii toplam enerji
gereksinimini artirmaktadir. Yer kontrol istasyonu ise operatdriin
[HA’y1 yonettigi, gorev rotasini olusturdugu ve telemetri verilerini
izledigi merkez olarak gorev yapmaktadir. Modern sistemlerde ugus
planlama yazilimi, anten modiilleri, veri baglant: iiniteleri ve ekran
arayiizleri birlikte kullanilmaktadir. GCS, konum, hiz, batarya
durumu ve yiik verilerini gercek zamanli olarak analiz etmektedir.
Acil durumlarda rota degisikligi, geri ¢agirma ve yiik aktarimi bu
merkez iizerinden yiiriitiilmektedir. Ileri diizey sistemlerde yapay
zeka destekli gorev planlama modiilleri GCS yapisina entegre
edilmektedir (Erdel;j et al. 2017).
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IHA’min Smiflandirilmasi

Uluslararas1 Sivil Havacilik Orgiitii (ICAO), hava araglarini
balon, planér, ugak ve rotorlu hava araci gibi ¢esitli gruplar altinda
tanimlamaktadir. Ugaklar kara, deniz ya da amfibi 0&zellik
tagiyabilmektedir. Bir hava aracinin insanli ya da insansiz isletilmesi,
onun hava araci statiisiinii degistirmemektedir. Bu yaklagim, insansiz
hava araclarma yonelik diizenlemelerin temelini olugturmakta ve
ucusa elverislilik, personel lisanslandirma ile ayirma standartlari gibi
konularin degerlendirilmesinde belirleyici rol iistlenmektedir.
ICAO’nun Unmanned Aircraft Systems (UAS) dokiimaninda
(Circular 328-AN/190) IHA lar, iizerinde pilot bulunmayan, uzaktan
kontrol edilen ya da otonom bi¢cimde ucabilen hava aracglar1 olarak
tanimlanmaktadir  (International Civil Aviation Organization
[ICAO], 2011). Bu tanim, IHA smiflandirmalarinda kullanilan
oOl¢iitler i¢in temel dayanak olusturmaktadir.

Resim 7. Tiirkiye de Gelistirilen Baslica IHA Platformlar:
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Kaynak: Bagimsiz Havacilar (2023 )
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[HA lar tasarim &zellikleri, operasyonel kullanim bigimleri,
menzil, ugus sliresi, irtifa, agirlik, gorev tiirli, tahrik sistemi ve
otomasyon diizeyi gibi Olciitlere gore siniflandirilmaktadir. Bu
smiflandirma siirecleri ulusal sivil havacilik otoriteleri tarafindan
yiriitiilmektedir. Kiiresel 6lgekte ICAO standart ve tavsiye kararlari
belirlemekte, Avrupa Birligi’nde Avrupa Havacilik Emniyeti Ajansi
(EASA) baglayici diizenlemeler yayimlamakta, Tiirkiye’de ise Sivil
Havacilik Genel Miidiirliigii (SHGM) bu esaslar1 ulusal mevzuata
uyarlamaktadir. SHGM, THA ’lar1 kalkis agirlig1 ve operasyon yapisi
temelinde siiflandirmaktadir (Kale, 2026).

Menzil ve havada kalis siiresi bakimindan IHA’lar Yiiksek
[rtifa Uzun Dayamklilik (HALE), Orta Irtifa Uzun Dayaniklilik
(MALE), Diisiik Irtifa Diisiik Dayaniklilik (LALE), Mini ve Mikro
Hava Araglar1 (MAV'ler) olarak gruplandirilmaktadir. HALE
sistemleri list atmosfer katmanlarinda uzun siire gérev yapan biiyiik
Olcekli platformlar olarak stratejik gozetleme, kesif ve hedef
tespitinde  kullanilmaktadir. MALE sistemleri orta irtifa
seviyelerinde sinir giivenligi, afet sahasi izleme ve taktik kesif
gorevlerinde degerlendirilmektedir. LALE smifi distik irtifalarda
gbrev yiiriittiigii icin kontrol ve iletisim bakimindan daha kolay
yonetilmekte, gercek zamanli gorlintileme ve gozetleme
faaliyetlerinde kullanilmaktadir. Mini ve mikro IHA’lar ise
taginabilir yapilar1 nedeniyle sivil, ticari, i¢ mekan ve yakin mesafe
taktik gorevlerde yer almaktadir (Uragun, 2011).

Agirlik ve boyut esasina gore IHAlar nano, mikro, mini ve
daha yiiksek kalkis kapasitesine sahip operasyonel siniflara
ayrilmaktadir. Tiirkiye’de SHGM siniflandirmasina gére IHAO sinifi
250 gram ile 4 kilogram arasindaki, IHA1 smifi 4 kilogram ile 25
kilogram arasindaki, THA2 simifi 25 kilogram ile 150 kilogram
arasindaki, THA3 sinifi ise 150 kilogram ve iizerindeki sistemleri
kapsamaktadir (SHY-THA, Md. 5). EASA ise CO ile C6 arasinda
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teknik smiflar olusturmakta, ICAO ise agirligi sabit limitlerden ¢ok
operasyonel risk degerlendirmesinin bir unsuru olarak ele almaktadir
(European Commission, 2019).

Gérev tiirii agisindan IHA lar askeri havacilik, sivil havacilik
ve terdrle miicadele havaciligi kapsaminda degerlendirilmektedir.
Sivil kullanimda trafik izleme, kablosuz iletisim kapsamasi, uzaktan
algilama, c¢evresel gozlem, arama-kurtarma, kargo teslimati,
giivenlik, hassas tarim ve altyapt denetimi gibi uygulamalar
yuriitilmektedir. Ugus yarigapina gore yakin, kisa, orta ve uzun
menzilli THA gruplar olusturulmaktadir. Ugus irtifasia gore diisiik,
orta ve yiiksek irtifa kategorileri tanimlanmaktadir. Ugus kurallarina
gore VFR, IFR ve VIFR ayrim1 yapilmakta, hava araci tipine gore
ucak, helikopter, déniistiiriilebilir ucak, zeplin ve hibrit IHA tiirleri
degerlendirilmektedir. Operasyon yapisinda SHGM kisitli ve kisitsiz
ucus ayrimimni benimsemekte, EASA Acik, Ozel ve Onayl
kategorilerini kullanmakta, ICAO ise Part 101 ve Part 102
kapsaminda risk temelli bir diizenleme modeli ortaya koymaktadir
(European Commission, 2019).
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Tablo 1. Giiniimiiz IHA Simiflandirmast

Gérev Gérev |
Simfy Kategorisi Yiksekligi | Yancap: Sivil Kategori Ornek Platform |
() (km) |
<200 5
':;':° Black Widow -
(<2kg) (AGL) (LOS) | Agirtik St Grup 1 p
Sinif) Kiglk IHA
Mini <3.000 25 (<20 kg) Bayraktar, Malazgirt,
(150 kg.dan 220 ki .
haft) ( 9) (AGL) (LOS) Scan Eagle
. <5.000 50 Agirik Siwh Grup 2 7
(::::k) Hafif IHA Hermes 90 ﬁ
9 (AGL) (LOS) {20450 kg)
Sindf 1l S <10,000 200 Bayraktar Taktik,
a
(150600 kg) (AGL) (LOS) Karayel, Aerostar E
Orta Irtifa <45.000 | Limitsiz ANKA, Heron
Uzun Havada ; Al
Kalig (MALE) (MsL) (BLOS) | Agirik Simﬁ Grup 3 | Predator, Reaper Ll |
St |y Gksok irtita Umitsiz 150 kg)
(600 kg.dan | Uzun Havada <65.000 Global Hawk #
agr) Kalis (HALE) (8L08) .
Saldin Limitsiz -
<65.000 X478, Phantom R.
Muharebe (BLOS) d

Kaynak: Tyrannosurusrex (2016)

IHA’larda Kullanilan Bashca Kompozit Malzemeler

Insansiz hava araglarinda kullanilan kompozit malzemeler,
hafiflik gereksinimi ile yiiksek mekanik dayanim beklentisinin
birlikte karsilanmasi amaciyla tercih  edilmektedir. IHA
platformlarinda goévde, kanat, inis takimi, rotor kolu, baglanti
elemanlar1 ve elektronik bilesenleri koruyan kaplama yapilar1 gibi
boliimlerde malzeme se¢imi, ugus siiresi, tasima kapasitesi, enerji
tilketimi, titresim davranisi ve gorev giivenilirligi tizerinde dogrudan
etkili olmaktadir. Modern IHA sistemlerinde sensorler, haberlesme
birimleri, konumlandirma donanimlar1 ve faydali yiik bilesenleri
toplam agirligi artirmaktadir. Bu nedenle yapisal pargalarin daha
diistik agirlikla tasarlanmasi, aracin manevra kabiliyeti ve
operasyonel verimliligi acisindan kritik bir miithendislik gerekliligi
olusturmaktadir. Kompozit malzemeler, metal malzemelere kiyasla
daha yiiksek 0zgiil dayanim, daha diisilk yogunluk, korozyon
direnci, yorulma dayanimi ve darbe direnci gibi nitelikler
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gostermektedir (Sonmez et al., 2022). Aliiminyum yerine kompozit
malzeme kullanimi, yapisal agirligin belirgin dl¢iide azaltilmasina
katki vermekte, giiriiltii ve titresim davranisinin iyilestirilmesine de
zemin hazirlamaktadir.

IHA yapilarinda en yaygm kullanilan kompozit tiirlerinden
biri karbon elyaf takviyeli polimer kompozitlerdir. Karbon elyaf
takviyeli polimerler, yliksek ¢cekme dayanimi, diisiik yogunluk,
yiiksek egilme dayanimi ve yorulma direnci nedeniyle 6zellikle
govde, kanat, kanat-gdvde baglantilar1 ve yiiksek yiik tasiyan yapisal
bolgelerde degerlendirilmektedir. Bu malzemeler, uzun menzil,
yiiksek manevra kabiliyeti ve yapisal kararlilik gerektiren IHA
sistemlerinde yiiksek performans ortaya koymaktadir. Karbon
elyafin rijit yapisi, titresimlerin sinirlandirilmasina ve aerodinamik
formun korunmasina katki vermektedir (Sonmez et al., 2022).
Bununla birlikte karbon elyaf esasli kompozitlerin iiretimi 6zel
ekipman, kontrolli islem kosullart1 ve yiiksek maliyet
gerektirmektedir. Bu nedenle kullanim alani, gérev gereksinimleri
ve Uretim Olcegi dikkate alinarak belirlenmektedir.

Cam elyaf takviyeli polimer kompozitler, [HA yapilarinda
kullanilan  baslica  malzeme  gruplarindan  bir  digerini
olusturmaktadir. Cam elyaf takviyeli kompozitler, karbon elyafl
sistemlere gore daha diisiik maliyetli ve daha kolay iiretilebilir
yapilariyla 6ne ¢ikmaktadir. Bu malzemeler, kiigiik dlcekli, ticari,
egitim amagh ve diisik maliyetli IHA platformlarinda tercih
edilmektedir. Cam elyaf takviyeli yapilar, karbon elyaf kadar hafif
olmamakla birlikte darbe direnci ve elektriksel yalitim o6zellikleri
bakimindan elverigli bir malzeme davranis1 gostermektedir (Erdelj
et al., 2017). Bu ozellikler, 6zellikle govde kabuklari, kaplama
elemanlar1 ve orta diizey mekanik yiik tasiyan bilesenlerde
kullanimini artirmaktadir.
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Aramid elyaflar ve Kevlar esasli kompozitler, darbe
dayanimi1 ve enerji soniimleme kabiliyeti nedeniyle IHA yapilarinda
farkli  bir kullanim degeri tasimaktadir. Aramid takviyeli
kompozitler, Ozellikle diisiik irtifa gorevlerinde, c¢arpma riski
bulunan platformlarda, rotor c¢evresi yapilarinda ve hasar
toleransinin yiiksek tutulmasi gereken boliimlerde
degerlendirilmektedir (Parveez et al., 2022). Bu malzemeler, hafiflik
ile darbe direncini birlikte karsilayan yapilar1 sayesinde giivenlik
odakli tasarimlarda tercih edilmektedir. Bor elyaf takviyeli
kompozitler de THA yapilarinda kullanilan ileri takviye se¢enekleri
arasinda yer almakta, yiikksek dayanim gerektiren uygulamalarda
yapisal performansa katki vermektedir.

Hibrit kompozit sistemler, farkli elyaf tiirlerinin tek bir matris
yapist iginde birlikte kullanilmasiyla olusturulmaktadir. Karbon
elyaf ile cam elyafin veya aramid elyafin birlikte kullanildig hibrit
yapilar, dayanim, darbe emilimi, maliyet ve agirlik arasinda dengeli
bir malzeme davranis1 meydana getirmektedir. Bu tiir sistemlerde
karbon elyaf yiiksek rijitlik ve dayanim kazandirirken, cam elyaf ya
da aramid elyaf darbe direnci ve hasar tolerans1 bakimindan katki
olusturmaktadir (Xu et al., 2022). Bu nedenle hibrit kompozitler hem
sivil hem de savunma amagli IHA tasarimlarinda gérev tiiriine bagh
olarak tercih edilmektedir.

IHA kompozitlerinde matris malzemesi olarak gogunlukla
epoksi esasli termoset recineler kullanilmaktadir. Epoksi matrisler,
elyaflar1 bir arada tutmakta, yiik aktarimini gerceklestirmekte ve
yapisal biitiinliiglin korunmasina katki vermektedir. Termoplastik
matrisler ise son yillarda {i¢ boyutlu yazdirma ve hizli prototipleme
stirecleriyle birlikte daha fazla degerlendirilmektedir. Polilaktik asit
gibi biyobazli matrislerin dogal elyaflarla takviye edilmesiyle
olusturulan biyokompozitler, diisiik hizli, kisa menzilli ve kiiclik
olgekli THA uygulamalarinda gevresel etkileri azaltmaya ydnelik
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alternatifler arasinda yer almaktadir. Bambu, keten ve jiit gibi dogal
liflerle desteklenen yapilar, hafiflik ve islenebilirlik bakimindan
belirli avantajlar gostermektedir (Erdelj et al., 2017). Buna karsin
nem alma, ultraviyole dayanimi ve uzun siireli yorulma davranisi
gibi konular, bu malzemelerin kullanim alanlarin1 belirleyen temel
sinirlar arasinda bulunmaktadir.

Kompozit IHA pargalarinin iiretiminde vakum infiizyon,
recine transfer kaliplama, otoklav kiirleme, filament sarma ve fi¢
boyutlu yazdirma yontemleri kullanilmaktadir. Vakum infiizyon ve
el yatirma yontemleri diisiik hacimli {iretim ve prototipleme igin
uygun goriilmektedir. Regine transfer kaliplama, ylizey kalitesi ve
Olciisel tekrarlanabilirlik gerektiren parcalarda tercih edilmektedir.
Otoklav kiirleme, yiiksek mekanik performans ve diisiik bosluk orani
gerektiren  havacilik  sinifi  karbon elyaf kompozitlerde
kullanilmaktadir. Filament sarma yontemi gévde borular1 ve rotor
kollar1 gibi silindirik pargalarin iiretiminde degerlendirilmektedir.
Uc boyutlu yazdirma ise karmasik geometrilerin hizli {iretilmesine,
hafif yapisal tasarimlarin gelistirilmesine ve malzeme kullaniminin
azaltilmasina katk1 vermektedir (S6nmez et al., 2022).

Sonuglar

Insansiz hava araglar1 i¢in kompozit malzemeler, hafiflik,
yiksek 6zgilil mukavemet, rijitlik, yorulma dayanimi, korozyon
direnci ve tasarim esnekligi gibi gereksinimlerin birlikte
karsilanmasinda stratejik bir malzeme grubu olarak dikkat
cekmektedir. IHA sistemlerinde ugus siiresi, faydali yiik kapasitesi,
enerji tilkketimi, manevra kabiliyeti ve gorev giivenilirligi dogrudan
yapisal agirlikla iliskili oldugundan, govde, kanat, inis takimai, rotor
kolu ve baglant1 elemanlarinda kullanilan malzemelerin se¢imi kritik
bir miihendislik asamasi haline gelmektedir. Bu baglamda kompozit
malzemeler, geleneksel metalik malzemelere kiyasla daha diisiik
yogunlukta yiiksek dayanim elde edilmesine olanak tanimakta ve
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IHA platformlarinin  operasyonel verimliligini artiran temel
unsurlardan biri olarak degerlendirilmektedir.

Aragtirma baglaminda ele alinan karbon elyaf, cam elyaf,
aramid elyaf, hibrit kompozit sistemler ve sandvi¢ yapilar, IHA
bilesenlerinde farkli gorev beklentilerine gore kullanilmaktadir.
Karbon elyaf takviyeli polimer kompozitler yiiksek dayanim, rijitlik
ve yorulma direnci gerektiren gévde ve kanat gibi ana tasiyici
yapilarda one ¢ikmaktadir. Cam elyaf takviyeli kompozitler daha
diisiik maliyetli ve iiretilebilir yapilariyla kiiciik lcekli ve ticari [HA
uygulamalarinda degerlendirilmektedir. Aramid elyaf esasli yapilar
darbe dayanimi ve enerji soniimleme kabiliyeti gerektiren
boliimlerde kullanilmaktadir. Hibrit kompozitler ise farkli elyaf
tirlerinin iistlin yonlerini bir araya getirerek dayanim, agirlik,
maliyet ve hasar tolerans1 arasinda dengeli bir yap1 olusturmaktadir.

Kompozit malzemelerin IHA uygulamalarindaki basarisi
yalnizca malzeme tiiriine bagli kalmamakta, matris se¢imi, elyaf
yonlenmesi, tabaka dizilimi, araylizey baglanmasi1 ve {iretim
yontemiyle beraber sekillenmektedir. Vakum infiizyon, reg¢ine
transfer kaliplama, otoklav kiirleme, filament sarma ve ii¢ boyutlu
yazdirma gibi yontemler, farkli tiretim olgekleri ve performans
beklentileri dogrultusunda tercih edilmektedir. Bununla birlikte
delaminasyon, darbe hasari, nem ve sicaklik etkileri, bakim-onarim
giicliikleri ile tahribatsiz muayene gereksinimi, kompozit [HA
yapilarinda dikkatle ele alinmasi gereken konular arasinda yer
almaktadir.

Genel olarak degerlendirildiginde, kompozit malzemeler
IHA teknolojilerinde yalmizca hafif bir yapi malzemesi olarak
goriilmemekte, performans, glivenilirlik, enerji verimliligi ve gorev
stirekliligini dogrudan etkileyen temel bir tasarim bileseni olarak
kabul edilmektedir. Gelecekte biyokompozitler, geri doniistiirtilebilir
matris sistemleri, akilli sensorlerle biitiinlesik yapilar ve eklemeli
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imalat teknikleri, I[HA tasariminda daha siirdiiriilebilir, daha islevsel
ve daha verimli ¢Ozlimlerin gelistirilmesine yon verecegi
distiniilmektedir.

Oneriler

Insansiz hava araglarinda kompozit malzeme kullanimimin
daha verimli hale getirilebilmesi i¢in malzeme se¢imi, gorev profili
ve iiretim yontemi beraber degerlendirilmelidir. Ozellikle karbon
elyaf, cam elyaf, aramid elyaf ve hibrit kompozit sistemlerin [HA
bilesenlerindeki performansi, farkli yiikleme kosullari, cevresel
etkiler ve uzun siireli kullanim davranislart agisindan ayrintili
bicimde incelenmelidir. Kompozit yapilarda darbe hasari,
delaminasyon, nem etkisi ve yorulma gibi sorunlarin erken agamada
belirlenebilmesi amaciyla tahribatsiz muayene yontemlerinin daha
yaygin kullanilmasi onerilmektedir. Ayrica biyokompozitler, geri
doniistiiriilebilir matris sistemleri ve {i¢ boyutlu yazdirma
teknolojileri {izerine yapilacak calismalarin artirilmasi, [HA
tasarimlarinda hem siirdiiriilebilirlik hem de tretim verimliligi
acisindan katki saglayacaktir.
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BOLUM 4

INNOVATIVE TEACHING AND LEARNING
STRATEGIES IN AEROSPACE ENGINEERING
EDUCATION

TARIK GUNES!
TOLUNAY DAG?

Introduction

Aerospace engineering education is undergoing a significant
transformation in response to rapid technological development,
increasing system complexity, and changing professional
expectations. Contemporary aerospace systems increasingly
incorporate advanced computational methods, intelligent control,
digital engineering tools, autonomous technologies, and
multidisciplinary design processes. These developments are
changing not only the technical knowledge expected from aerospace
engineers but also the competencies required to apply this
knowledge effectively in professional practice. Accordingly,
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engineering education has progressively moved from predominantly
teacher centered models toward student centered approaches that
promote active participation, practical experience, and greater
student responsibility for the learning process (Lopez-Fernandez et
al., 2020).

This transformation is especially relevant to aerospace
engineering because of the experimental, analytical, and application
oriented nature of the discipline. Fundamental knowledge in areas
such as aerodynamics, propulsion, structures, flight mechanics,
control, and aerospace systems must ultimately be connected with
experimentation, analysis, design, and engineering decision-making.
Laboratory education therefore continues to play an important role
in connecting theoretical concepts with observable engineering
phenomena and practical activities (Chen, 2026). At the same time,
contemporary aerospace problems increasingly require students to
integrate knowledge from multiple engineering domains rather than
approaching technical subjects as isolated areas.

Traditional lectures and structured engineering exercises
remain essential for establishing fundamental theoretical knowledge.
However, these approaches alone may provide limited opportunities
for students to experience the open-ended, multidisciplinary, and
collaborative nature of professional engineering practice. Modem
aerospace engineers are expected not only to understand technical
principles but also to analyze complex problems, evaluate alternative
solutions, work effectively within multidisciplinary teams,
communicate engineering decisions, and adapt to rapidly evolving
technologies. Innovative pedagogical approaches can contribute to
the development of critical thinking and improved learning
outcomes by creating more active and participatory learning
environments (Bhuttah et al., 2024).

Active and experiential learning approaches provide an

important response to these educational requirements. Project-Based
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Learning (PBL), Challenge-Based Learning (CBL), Flipped
Classroom models, and adaptive learning strategies represent
different but potentially complementary ways of increasing student
engagement with engineering knowledge. Project activities can
connect disciplinary knowledge with authentic engineering tasks and
support technical as well as collaborative competencies (Rodriguez
et al., 2015). Aerospace-specific active learning experiences have
also demonstrated positive effects on student motivation and
engagement (Lopez-Fernandez et al., 2019). Challenge-based
approaches further extend this perspective by exposing students to
complex engineering problems that require collaborative
investigation and the integration of knowledge across different areas
(Loépez-Fernandez et al., 2020). More broadly, evidence from
engineering education indicates the potential of active learning
approaches to support competency development through authentic
and student-centered learning experiences (Sukacke et al., 2022).

The transformation of aerospace engineering education is
also being accelerated by technological developments in engineering
practice. Conventional laboratories are increasingly complemented
by computational, simulation-based, and digitally supported
learning environments. The evolution of undergraduate aerospace
laboratories demonstrates the continuing importance of practical
experimentation while also reflecting changes in the technological
tools available for engineering education (Chen, 2026). Similarly,
emerging areas such as artificial intelligence and intelligent control
are creating new curriculum requirements. The development of
educational frameworks for intelligent control in aerospace
engineering illustrates the need to prepare students for systems that
increasingly combine conventional engineering principles with
intelligent and data-driven technologies (Narimani et al., 2024).

Educational innovation, however, should not be understood
simply as the introduction of new technologies or the replacement of
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conventional teaching with a single alternative methodology.
Different pedagogical approaches address different aspects of the
learning process. Project and challenge-based activities can provide
authentic engineering experiences; flipped and hybrid approaches
can reorganize classroom interaction; adaptive learning can support
more individualized learning pathways; and digital engineering
technologies can expand the range of systems and problems that
students are able to explore (Chua & Islam, 2021; Rincon-Flores et
al., 2024). Their educational value therefore depends on how
effectively they are aligned with learning objectives, engineering
practice, and expected graduate competencies.

This alignment is increasingly important as aerospace
engineering moves toward more digital, intelligent, autonomous, and
interdisciplinary systems. Preparing students for this environment
requires educational models capable of connecting strong theoretical
foundations with practical engineering experience and future-
oriented competencies. The central challenge is therefore not simply
to 1dentify which innovative teaching strategy is most effective, but
to determine how pedagogical approaches, technological learning
environments, experiential engineering activities, and competency
development can be systematically integrated within aerospace
engineering education.

Accordingly, this chapter examines innovative teaching and
learning strategies in aerospace engineering education from an
integrated and future-oriented perspective. It discusses the transition
toward student-centered and active learning, evaluates major
educational strategies and technology enhanced learning
environments, and considers their contribution to the competencies
required of future aerospace engineers. Based on the synthesis of the
reviewed literature, the chapter subsequently proposes an integrated
framework for future oriented aerospace engineering education,
organized around four interconnected dimensions: active learning
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strategies, technology enhanced learning environments, experiential
engineering practice, and future competency development. Through
this framework, educational innovation is conceptualized not as the
isolated adoption of individual methods or technologies, but as the
coordinated development of an educational ecosystem designed to
prepare future ready aerospace engineers.

TRANSFORMATION OF AEROSPACE ENGINEERING
EDUCATION

Aerospace engineering education has traditionally been built
upon strong foundations in mathematics, physics, engineering
sciences, and discipline-specific technical knowledge. This
foundation remains essential; however, the increasing complexity of
aerospace systems and the changing nature of engineering practice
have expanded the educational requirements of the discipline.
Contemporary aerospace engineering involves not only the analysis
of individual technical problems but also the integration of multiple
subsystems, technologies, and engineering  disciplines.
Consequently, educational environments are increasingly expected
to connect theoretical knowledge with experimentation, design,
collaborative problem-solving, and practical engineering activities.

This transformation is reflected in the broader movement
within engineering education toward active and student-centered
learning. Rather than replacing fundamental engineering instruction,
these approaches seek to complement theoretical education by
providing students with opportunities to apply, evaluate, and
integrate their knowledge. Within aerospace engineering, this
transition is especially relevant because many professional activities
involve complex systems in which technical decisions must be made
across disciplinary boundaries. Educational innovation should
therefore maintain rigorous theoretical foundations while creating
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stronger connections between knowledge acquisition and
engineering practice (Lopez-Fernandez et al., 2020; Chen, 2026).

From Teacher-Centered to Student-Centered Education

Traditional teacher-centered education places the instructor
at the center of knowledge transmission, with students primarily
receiving and subsequently applying the information presented
through lectures and structured exercises. This model provides an
efficient mechanism for introducing fundamental theories and
analytical methods, which remain indispensable in aerospace
engineering. However, the development of engineering competence
requires students to move beyond receiving and reproducing
technical knowledge toward actively applying that knowledge in
different contexts.

Student-centered education changes the role of both the
learner and the instructor. Students assume greater responsibility for
engaging with engineering problems, exploring possible solutions,
discussing alternatives, and reflecting on their learning processes.
The instructor, while remaining an important source of disciplinary
expertise, increasingly acts as a facilitator who structures learning
experiences and guides students through complex engineering
activities. This transition is consistent with the broader shift toward
active learning approaches observed in engineering education
(Lopez-Fernandez et al., 2020; Sukackée et al., 2022).

For aerospace engineering students, this shift can provide an
important bridge between academic knowledge and engineering
practice. Real aerospace problems rarely present themselves as
clearly defined textbook exercises with a single predetermined
solution. Instead, engineers must frequently work with competing
requirements, technical constraints, incomplete information, and
alternative design possibilities. Student-centered learning
environments can expose students to these characteristics by

--132--



requiring them to investigate problems, make engineering decisions,
justify their choices, and collaborate with others.

Active participation can also influence students' relationship
with the learning process. Lopez-Fernandez et al. (2019) reported
positive motivational effects associated with active learning methods
among aerospace engineering students. This is significant because
student engagement becomes especially important in technically
demanding curricula, where abstract theoretical concepts may be
difficult to connect with their eventual engineering applications.
Providing opportunities to apply these concepts within meaningful
activities can help students recognize the relationship between what
they learn and how that knowledge functions in aerospace
engineering practice.

The movement toward student-centered education should
therefore not be interpreted as a rejection of conventional instruction.
Rather, it represents a rebalancing of the educational process.
Lectures and structured instruction can establish essential theor etical
foundations, while active learning experiences provide opportunities
to apply and integrate those foundations. The challenge for
aerospace engineering education is to create an appropriate
relationship between these complementary forms of learning.

Changing Competency Requirements in Aerospace Engineering

The transformation of aerospace engineering education is
also associated with changes in the competencies expected from
engineering graduates. Strong disciplinary knowledge remains
fundamental, but contemporary engineering practice increasingly
requires the ability to use technical knowledge across complex and
multidisciplinary contexts. Students must therefore develop
competencies that extend beyond understanding individual theories,
equations, or engineering procedures.
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Problem-solving and critical thinking represent central
components of this broader competency profile. Aerospace
engineering problems often involve multiple interacting variables
and require the evaluation of alternative technical solutions.
Educational environments that encourage students to investigate,
analyze, compare, and justify engineering decisions can contribute
to the development of these abilities. Innovative pedagogical
approaches have been associated with improved critical thinking and
learning outcomes in higher education, reinforcing the importance
of moving beyond passive knowledge acquisition (Bhuttah et al.,
2024).

Collaboration is another relevant dimension. Aerospace
systems consist of interconnected technical domains, and their
development frequently requires engineers from different areas to
work toward common objectives. Project-based experiences in space
engineering education demonstrate how students can be exposed to
this multidisciplinary character by working on activities involving
different engineering functions and subsystems (Rodriguez et al.,
2015). Such learning environments provide opportunities for
students to develop technical knowledge alongside communication,
coordination, and teamwork.

Technological change is simultaneously expanding the
technical competency requirements of aerospace graduates.
Intelligent control represents one example of an area in which
conventional engineering foundations are increasingly interacting
with emerging computational approaches. Narimani et al. (2024)
emphasize the educational relevance of intelligent control for
aerospace engineers, demonstrating the need for curricula that
respond to developments in contemporary aerospace technologies.
This does not imply abandoning conventional control theory or
fundamental engineering knowledge; rather, emerging topics should
build upon and extend these foundations.
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The competency profile of future aerospace engineers can
therefore be understood as a combination of disciplinary
foundations, advanced technical capabilities, problem solving
abilities, collaborative competencies, and adaptability to
technological change. Developing these dimensions requires
educational experiences that allow students not only to acquire
knowledge but also to use it under conditions that increasingly
resemble authentic engineering practice.

The Role of Experiential and Active Learning

Experiential learning provides a critical connection between
theoretical engineering knowledge and its practical application.
Aerospace engineering has a strong tradition of laboratory education
because experimentation allows students to observe physical
phenomena, compare theoretical predictions with measured
behavior, analyze uncertainty, and develop an understanding of how
engineering principles operate in practice. The systematic review
conducted by Chen (2026) demonstrates the continuing role of
undergraduate laboratory courses in aerospace engineering and the
evolution of these learning environments over time.

Experiential education, however, is not limited to
conventional laboratory exercises. Project activities, engineering
design problems, simulations, and challenge-based experiences can
also create environments in which students learn through
application. Rodriguez et al. (2015), for example, describe project-
based experiences in space engineering education that allow students
to engage with engineering activities extending across different
elements of space systems. Similarly, the ESA Concurrent
Engineering Challenge examined by Lopez-Fernandez et al. (2020)
illustrates how students can participate in collaborative engineering
activities related to space mission development.

--135--



These approaches are valuable because they can bring
students closer to the characteristics of professional engineering
practice. Rather than applying a formula to an already defined
problem, students may need to identify relevant information,
distribute responsibilities, integrate different technical perspectives,
evaluate alternatives, and communicate their decisions. The learning
process consequently encompasses both technical knowledge and
the broader competencies required to use that knowledge effectively.

Evidence across engineering education also supports the
broader relevance of active learning approaches, including problem,
project, and challenge-based models (Sukacké et al., 2022). Within
aerospace engineering, their value lies especially in their ability to
connect theory, application, collaboration, and engineering decision
making. These four elements provide an important foundation for the
innovative teaching strategies discussed in the following section.

INNOVATIVE TEACHING AND LEARNING STRATEGIES

The transformation of aerospace engineering education
requires teaching strategies that enable students to move beyond the
passive acquisition of technical knowledge and engage more actively
with engineering problems. Active learning approaches can provide
opportunities for students to apply theoretical concepts, evaluate
alternatives, collaborate with peers, and participate in learning
activities that more closely resemble engineering practice. Within
this context, Project-Based Learning, Challenge-Based Learning,
Flipped Classroom models, and adaptive learning represent
complementary strategies that address different dimensions of the
educational process (Sukacke et al., 2022).

These approaches should not necessarily be considered
replacements for conventional engineering instruction. Fundamental
theories and analytical methods remain essential in aerospace
engineering education. Instead, innovative strategies can provide
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environments in which theoretical knowledge is applied, integrated,
and reinforced through active participation. Their educational value
therefore depends on how effectively they are aligned with course
objectives, disciplinary content, and expected engineering
competencies.

Project-Based Learning

Project-Based Learning (PBL) is one of the most established
active learning approaches in engineering education. It organizes
learning around projects that require students to apply knowledge,
investigate engineering problems, develop solutions, and produce
identifiable outcomes. In contrast to conventional exercises that
often focus on a single concept or predefined analytical procedure,
project-based activities can require the integration of knowledge
from multiple areas and therefore provide a closer representation of
professional engineering practice (Rodriguez et al., 2015; Sukacke
et al., 2022).

This characteristic makes PBL especially relevant to
aerospace engineering. Aerospace vehicles and systems consist of
highly interconnected subsystems, and decisions made within one
engineering domain may affect several others. A space system, for
example, may involve structures, propulsion, thermal management,
power, communication, control, and mission requirements.
Educational projects can expose students to these relationships and
encourage them to understand engineering problems from a system
level perspective rather than as isolated disciplinary tasks.

Rodriguez et al. (2015) reported Project-Based Learning
experiences in space engineering education at the Technical
University of Madrid. These experiences illustrate how students can
participate in activities associated with the development and
integration of space systems, thereby connecting theoretical
knowledge with practical engineering processes. Such project
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environments also create opportunities for students to coordinate
tasks, communicate technical information, and integrate
contributions from different areas.

An additional benefit concerns student engagement. Active
learning methods implemented with aerospace engineering students
have demonstrated positive motivational effects (Lopez-Fernandez
et al., 2019). This is relevant because technically demanding
engineering subjects can sometimes make it difficult for students to
recognize the practical significance of individual theoretical
concepts. Projects can provide a broader context in which students
understand why particular theories, calculations, and engineering
methods are necessary.

PBL can consequently support two interconnected
dimensions of aerospace engineering education. The first is technical
integration, in which students apply knowledge from different
engineering subjects to a common problem. The second is
professional competency development, in which students experience
teamwork, communication, planning, coordination, and engineering
decision making. These dimensions make project-based
environments valuable for connecting academic preparation with the
multidisciplinary nature of aerospace engineering practice.

However, the effectiveness of PBL depends on appropriate
educational design. Projects should be sufficiently complex to
require meaningful engineering reasoning while remaining
compatible with students' existing knowledge and course objectives.
The instructor therefore continues to play an important role by
defining the educational context, providing guidance, and ensuring
that project activities contribute to intended learning outcomes. PBL
should thus be understood as structured active learning rather than
simply assigning students a project.

Challenge-Based Learning
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Challenge-Based  Learning (CBL) shares several
characteristics with project-based approaches but places greater
emphasis on addressing broader, authentic, and often open-ended
challenges. Students are encouraged to investigate a problem,
consider its wider context, develop possible responses, and evaluate
solutions rather than follow a predetermined path toward a known
answer. This structure makes CBL suitable for engineering problems
characterized by uncertainty, multiple constraints, and competing
design alternatives (Sukacke et al., 2022).

Aerospace engineering provides a suitable environment for
this type of learning because aerospace problems frequently require
multidisciplinary decision-making. Mission design, propulsion,
aircraft configuration, sustainability, control, and systems
integration may involve technical trade-offs rather than a single
optimal answer. Challenge-based environments can expose students
to these trade-offs and require them to justify engineering choices
using evidence and technical reasoning.

An important aerospace specific example is the ESA
Concurrent Engineering Challenge implemented at the Technical
University of Madrid. Lopez-Fernandez et al. (2020) describe how
this initiative introduced aerospace engineering students to
concurrent engineering practices associated with space mission
development. The learning environment required participants to
work collaboratively across different technical areas while
contributing to a shared engineering objective.

The concurrent engineering context is educationally
significant because it reflects the interconnected nature of aerospace
system development. Decisions cannot always be made sequentially
within isolated disciplines; instead, engineers must exchange
information, understand dependencies, and modify solutions in
response to developments in other areas. CBL can therefore help
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students experience engineering as a collaborative and iterative
process rather than a sequence of independent technical calculations.

The approach can also broaden the scope of engineering
education by placing technical problems within wider contexts. The
review by Sukacké et al. (2022) indicates that challenge-based
approaches can engage students with authentic problems and support
competencies associated with active engineering learning. This
provides an opportunity to connect technical decision-making with
wider considerations such as sustainability and societal relevance

when these dimensions are inherent to the challenge being
addressed.

CBL should therefore not be viewed simply as a more
difficult version of conventional problem solving. Its educational
value lies in the authenticity, openness, interdisciplinarity, and
collaborative character of the challenge. Students are required not
only to obtain technically valid results but also to define problems,
manage uncertainty, evaluate alternatives, and justify decisions.

Flipped Classroom and Hybrid Learning

The Flipped Classroom changes the organization of teaching
by relocating part of the initial acquisition of theoretical content
outside scheduled classroom time. Materials such as recorded
lectures or other learning resources can be studied before class, while
face-to-face sessions can be used for activities requiring greater
interaction, including problem-solving, discussion, demonstrations,
and engineering applications. In this sense, the model does not
necessarily reduce the importance of theoretical instruction; instead,
it reorganizes when and how different learning activities occur
(Zappe, 2009).

This structure has clear potential in engineering education
because classroom time can be redirected toward activities in which

students require interaction with instructors and peers. Instead of
--140--



spending most contact hours receiving information, students can use
these periods to apply theoretical concepts and receive feedback
while working through engineering problems.

The approach becomes especially relevant when combined
with Project-Based Learning. Chua and Islam (2021) examined a
hybrid Project-Based Learning Flipped Classroom model within an
engineering design project module. Combining these strategies
allows theoretical preparation and active project work to operate as
interconnected parts of the same learning process. Students can
acquire or review relevant conceptual material before class and then
use classroom time to apply that knowledge within design-oriented
activities.

For aerospace engineering education, such a structure may be
useful in subjects that require both substantial theoretical preparation
and extensive application. Students could, for example, prepare
fundamental concepts before class and subsequently use contact time
for analysis, design activities, demonstrations, simulation, or
collaborative engineering work. The central educational principle is
therefore not simply the use of recorded lectures, but the reallocation
of learning time toward higher levels of student participation.

Nevertheless, flipped learning depends on students engaging
with preparatory material before active sessions. Course design must
therefore establish a clear relationship between pre-class preparation
and classroom activities. When these components are disconnected,
the intended benefits of the model may be reduced. Hybrid
approaches should consequently be designed as coherent learning
sequences rather than as separate online and classroom components.

Adaptive and Personalized Learning

While active learning approaches increase student
participation, they do not automatically address differences among

individual learners. Engineering students may enter a course with
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different levels of prior knowledge, progress at different rates, and
experience difficulty with different concepts. Adaptive learning
seeks to respond to this variability by adjusting learning experiences
according to student progress and educational needs.

Rincon-Flores et al. (2024) examined adaptive learning as a
strategy for improving the teaching learning process. The approach
provides a basis for moving beyond a uniform educational pathway
in which all students receive the same learning activities at the same
pace. Instead, adaptive environments can support differentiated
progression and more individualized learning experiences.

This potential is relevant to aerospace engineering because
many subjects are cumulative. Difficulties in fundamental
mathematical, physical, or engineering concepts can affect students'
ability to understand more advanced material. An adaptive approach
may help identify differences in learning progress and provide more
appropriate learning pathways before students move toward
increasingly complex applications.

Adaptive learning can also complement the other strategies
discussed in this section. Project and challenge environments
emphasize collaborative and authentic engineering activities, while
adaptive learning focuses more directly on individual learning
progression. Similarly, a flipped environment may provide digital
learning resources before class, while adaptive mechanisms can
potentially support differentiated engagement with those resources.
These approaches therefore address different dimensions of the
learning process rather than competing for the same educational
function.

The broader implication is that innovative aerospace
engineering education does not require the selection of a single
dominant pedagogical model. Different strategies can be combined
according to the nature of the subject, expected learning outcomes,
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student characteristics, and available technological resources. PBL
can emphasize engineering integration and project experience; CBL
can introduce open-ended and multidisciplinary challenges; flipped
learning can reorganize instructional time around active
participation; and adaptive learning can support differences in
individual learning progression.

Taken together, these approaches address different but
interconnected dimensions of aerospace engineering education.
While Project-Based Learning emphasizes engineering integration
and project experience, Challenge-Based Learning introduces
authentic and multidisciplinary problems. Flipped and hybrid
learning models reorganize instructional time to support active
participation, whereas adaptive learning provides greater flexibility
in responding to individual learning progress. Rather than
functioning as isolated strategies, these approaches can therefore be
considered complementary components of a student-centered
aerospace engineering learning environment. Their complementary
roles are summarized in Figure 1.

Figure 1. Complementary Roles of Innovative Learning Strategies
in Aerospace Engineering Education
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As illustrated in Figure 1, the four strategies contribute to
student development through different educational mechanisms
while sharing a common orientation toward active and student-
centered learning. Their combined use can support the connection
between theoretical knowledge and engineering application while
contributing to critical thinking, problem solving, collaboration,
communication, technical competence, and adaptability. The
appropriate combination of these strategies should nevertheless
depend on course objectives, disciplinary characteristics, student
needs, and available educational resources. This integrated
pedagogical perspective also provides a foundation for considering
how emerging technologies can further enhance aerospace
engineering learning environments.

TECHNOLOGY-ENHANCED AEROSPACE ENGINEERING
EDUCATION

The pedagogical transformation of aerospace engineering
education is occurring alongside rapid developments in the
technologies used for engineering analysis, design, experimentation,
and control. As aerospace systems become increasingly digital,
computational, and intelligent, educational environments must
provide students with opportunities to engage with technologies that
reflect contemporary engineering practice. Technology enhanced
education, in this sense, involves more than the introduction of
digital tools into conventional courses. Its broader purpose is to
create learning environments in which students can connect
theoretical principles with experimentation, analysis, system
behavior, and engineering decision-making.

Aerospace engineering is especially suited to technology
enhanced learning because many of its fundamental concepts
involve complex physical phenomena and interacting systems.
Laboratory experimentation, computational tools, simulation
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environments, and intelligent engineering applications can provide
different ways of exploring these phenomena. When appropriately
integrated with pedagogical objectives, these technologies can
extend the range of learning experiences available to students and
strengthen the relationship between academic preparation and
professional engineering practice.

Modern Aerospace Laboratories and Simulation

Laboratory education has long represented an essential
component of aerospace engineering curricula. Experimental
activities allow students to observe physical phenomena, collect and
interpret data, evaluate theoretical predictions, and recognize the
differences between idealized models and actual system behavior. In
this respect, laboratories provide an important bridge between
mathematical and theoretical instruction and the physical
characteristics of aerospace systems.

Chen (2026), in a systematic review of aerospace engineering
undergraduate laboratory courses covering the period from 1990 to
2025, highlights the continuing importance and evolution of
laboratory education within the discipline. This long term
development suggests that laboratory learning should not be
regarded as a fixed educational format. Instead, it evolves in parallel
with changes in aerospace technologies, educational objectives, and
the tools available for engineering experimentation.

Modern aerospace laboratories can consequently be
understood as environments in which physical experimentation and
computational investigation increasingly complement one another.
Conventional experimental activities remain valuable because they
expose students to measurement, uncertainty, physical system
behavior, and practical engineering constraints. At the same time,
digitally supported learning environments can expand students'
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opportunities to explore engineering phenomena beyond the
limitations of physical laboratory infrastructure.

Simulation is especially valuable in this context. Aerospace
systems frequently involve conditions that may be difficult to
reproduce repeatedly within undergraduate laboratories because of
technical complexity, cost, physical limitations, or operational
constraints. Simulation-based activities can provide students with
opportunities to investigate system responses, examine alternative
conditions, and evaluate the consequences of engineering decisions
within controlled learning environments.

However, simulation should not necessarily be viewed as a
replacement for physical experimentation. The two approaches can
serve different educational purposes. Physical laboratories expose
students to actual measurement processes and practical limitations,
whereas simulation environments allow systematic exploration of
models and system behavior across a wider range of conditions.
Their combined use can therefore create a richer experiential
learning environment.

From an educational perspective, the central issue is not the
technological sophistication of the laboratory itself but the learning
activity that the technology enables. A highly advanced simulation
or laboratory system has limited educational value if students simply
follow predefined instructions without interpreting results or making
engineering decisions. Technology enhanced laboratory activities
should therefore encourage students to formulate expectations,
observe behavior, analyze data, compare results with theoretical
models, and explain discrepancies.

Digital Engineering and Emerging Technologies

The increasing digitalization of aerospace engineering is
broadening the range of tools and environments that students may

encounter during their education. Engineering analysis and system
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development increasingly involve computational and digitally
supported processes, making familiarity with such environments an
important element of contemporary aerospace education.

The evolution of aerospace laboratory education documented
by Chen (2026) provides evidence of the broader transformation of
experimental learning environments. From an educational
standpoint, digital tools can complement physical experimentation
by allowing students to explore engineering systems from multiple
perspectives. This can strengthen the relationship between analytical
models, experimental observations, and engineering interpretation.

The educational significance of digital technologies should
nevertheless be distinguished from their mere availability.
Introducing advanced software or computational tools into a course
does not automatically create active learning. Students should
understand the engineering assumptions behind the tools, interpret
their outputs, evaluate limitations, and relate computational results
to fundamental engineering principles. Otherwise, there is a risk that
technological tools become substitutes for engineering reasoning
rather than instruments that support it.

This distinction is particularly relevant in aerospace
engineering, where computational outputs may represent highly
complex physical systems. Students should therefore develop not
only the ability to operate digital tools but also the capacity to
evaluate whether the resulting information is physically reasonable
and technically meaningful. Digital competence in aerospace
engineering education should consequently develop alongside
theoretical understanding and engineering judgment.

Technology enhanced learning environments can also
support the active learning strategies discussed in Section 3. Digital
tools may become components of projects, engineering challenges,
laboratory investigations, or hybrid learning activities. In this way,
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pedagogical strategy and educational technology can reinforce one
another rather than functioning as independent dimensions of the
curriculum.

Artificial Intelligence and Intelligent Control Education

Artificial intelligence and intelligent systems represent
another emerging dimension of aerospace engineering education. As
aerospace systems incorporate increasingly sophisticated
automation and control capabilities, engineering graduates require
educational foundations that allow them to understand and work
with these technologies.

Intelligent control provides a clear example of this transition.
Narimani et al. (2024) proposed a novel educational framework for
intelligent control specifically designed for aerospace engineers.
Their work reflects the growing relevance of integrating intelligent
control concepts into aerospace engineering education and
connecting them with the technical foundations already established
within conventional engineering curricula.

The educational challenge is not simply to add artificial
intelligence or intelligent control as isolated topics. These
technologies should be positioned in relation to existing engineering
knowledge. Students require an understanding of fundamental
system behavior and conventional control principles before they can
meaningfully evaluate more advanced intelligent approaches.
Emerging technologies should therefore extend established
engineering foundations rather than bypass them.

This relationship is also important for engineering judgment.
Students should learn not only how an intelligent method can be
implemented but also why it may be appropriate for a particular
engineering problem, what assumptions influence its performance,
and how its outputs should be interpreted. Such an approach shifts

education from tool-oriented training toward a deeper understanding
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of the interaction between engineering principles and intelligent
technologies.

The integration of intelligent control into aerospace
education also illustrates a broader curriculum challenge.
Technological development often progresses faster than
conventional curriculum revision. Aerospace engineering programs
therefore need sufficient flexibility to introduce emerging
technologies while preserving the fundamental scientific and
engineering knowledge upon which those technologies depend. This
balance between fundamental knowledge and technological
adaptability will become increasingly important as aerospace
systems continue to evolve.

Taken together, laboratory experimentation, simulation,
digital engineering environments, and intelligent technologies can
significantly broaden the learning opportunities available to
aerospace engineering students. Their educational contribution,
however, depends on their integration with clear learning objectives
and meaningful engineering activities. Technology should therefore
function as an enabler of engineering learning, rather than becoming
the objective of learning.

This perspective establishes an important connection with the
next stage of the discussion. If innovative pedagogical strategies
define how students learn, and technology enhanced environments
expand where and through which tools they learn, the next question
concerns what competencies these learning experiences should
ultimately develop. This issue forms the focus of the following
section.

DEVELOPING FUTURE AEROSPACE ENGINEERING
COMPETENCIES

The transformation of aerospace engineering education

ultimately needs to be reflected in the competencies developed by
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students. Innovative teaching strategies and emerging educational
technologies have limited value if they are not connected with
clearly defined learning outcomes and professional capabilities. As
aerospace systems become more complex and multidisciplinary,
graduates are expected to combine strong engineering foundations
with the ability to solve complex problems, use evolving
technologies, collaborate across disciplinary boundaries, and
continue adapting their knowledge throughout their professional
careers.

From this perspective, competency development should not
be treated as a separate outcome that occurs after technical
education. Instead, competencies can be developed through the
learning process itself. Project activities, engineering challenges,
laboratory experiences, collaborative tasks, and technology-
supported learning environments provide opportunities for students
to apply knowledge while simultaneously developing broader
capabilities. The literature on active learning in engineering
education supports this connection between student-centered
learning experiences and the development of knowledge and skills
relevant to engineering practice (Rodriguez et al., 2015; Sukacke et
al., 2022).

Technical and Digital Competencies

Strong technical competence remains the foundation of
aerospace engineering education. Regardless of changes in
educational methodology or technology, future engineers require a
rigorous understanding of the scientific and engineering principles
underlying aerospace systems. Innovative education should
therefore strengthen rather than replace fundamental disciplinary
knowledge.

The changing technological environment, however, is
expanding the meaning of technical competence. Aerospace
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engineers increasingly encounter computational, digitally supported,
and intelligent engineering environments. Consequently, students
need opportunities to connect fundamental engineering principles
with contemporary technological applications. The evolution of
undergraduate aerospace laboratory education reflects this changing
relationship between theoretical foundations, experimentation, and
the tools used to investigate aerospace systems (Chen, 2026).

Intelligent control represents a relevant example. Narimani et
al. (2024) demonstrate the educational importance of preparing
aerospace engineers to engage with intelligent control approaches.
Such preparation requires more than familiarity with individual
methods or software tools. Students should be able to relate
emerging approaches to fundamental system and control principles,
understand their engineering relevance, and evaluate their
application within aerospace contexts.

Digital competence should therefore be understood as an
extension of engineering competence rather than as an independent
ability to operate software. A student may be capable of producing
computational results without necessarily understanding their
physical significance or limitations. Future oriented education
should seek to develop engineers who can use technological tools
while maintaining the ability to interpret outputs, question
assumptions, and exercise engineering judgment.

Problem Solving and Critical Thinking

Aerospace engineering involves problems that are frequently
complex, multidisciplinary, and constrained by competing technical
requirements. Preparing students for such environments requires
educational activities that extend beyond the application of
predetermined procedures. Students need opportunities to analyze
problems, identify relevant information, compare alternatives,
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justify decisions, and evaluate the consequences of proposed
solutions.

Critical thinking is therefore closely connected with
engineering problem solving. Bhuttah et al. (2024) identify a
positive relationship between innovative pedagogical approaches,
critical thinking, and learning outcomes in higher education. From
an engineering education perspective, this suggests that learning
environments should encourage students to question, analyze,
interpret, and evaluate rather than simply reproduce information.

Project and challenge-based approaches can provide suitable
environments for developing these abilities. Project activities require
students to integrate knowledge while progressing toward an
engineering outcome, whereas challenge-based activities can expose
them to more open-ended situations in which the problem itself may
require investigation and interpretation (Rodriguez et al., 2015;
Lépez-Fernandez et al., 2020).

The aerospace context makes these competencies especially
relevant. Engineering decisions are rarely based on a single variable,
and improvements in one aspect of a system may introduce
limitations elsewhere. Students should therefore become familiar
with reasoning under constraints and evaluating alternative solutions
rather than assuming that every engineering problem has one
predetermined answer. Such experiences can help bridge the
difference between solving academic exercises and addressing
authentic engineering problems.

Teamwork, Communication, and Interdisciplinary
Collaboration

Modern aerospace systems are inherently multidisciplinary.
Their development requires interaction among different engineering
domains, making collaboration an important component of

professional aerospace practice. Engineering education should
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therefore provide students with opportunities to experience technical
collaboration before entering professional environments.

Project-Based Learning is particularly suitable for this
purpose because students can assume different responsibilities while
contributing to a common engineering objective. Experiences
reported by Rodriguez et al. (2015) demonstrate how project-based
activities in space engineering education can involve the integration
of different technical areas. Such environments require students to
coordinate their work and understand how individual contributions
affect the wider engineering system.

The ESA Concurrent Engineering Challenge provides
another relevant example. The educational experience examined by
Lopez-Fernandez et al. (2020) exposes students to collaborative
engineering activities associated with space mission development.
Concurrent engineering requires interaction among different
technical areas, illustrating that multidisciplinary collaboration
involves more than simply dividing a project into independent tasks.
Participants must communicate information, recognize
dependencies, respond to changes, and contribute to collective
decisions.

Communication consequently becomes inseparable from
technical collaboration. Engineering knowledge has limited practical
value if decisions, assumptions, constraints, and results cannot be
effectively communicated to other members of a multidisciplinary
team. Learning activities that require students to discuss alternatives,
explain technical reasoning, and coordinate engineering tasks can
therefore contribute to both communication and teamwork
development.

The objective is not to reduce the importance of individual
technical expertise. Rather, future aerospace engineers need to
combine disciplinary depth with the ability to operate across
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disciplinary interfaces. Educational environments that expose
students to collaborative engineering activities can help develop this
balance.

Adaptability and Professional Awareness

Rapid technological development creates another important
educational requirement: graduates must be capable of adapting their
knowledge as aerospace technologies evolve. The technical tools and
methods encountered during university education may change
throughout an engineer's professional career. Consequently,
aerospace education cannot prepare students solely by teaching the
technologies currently in use; it must also strengthen their capacity
to learn and engage with emerging approaches.

Adaptive learning introduces this concept from the
perspective of the educational process itself. By recognizing
differences in student progress and supporting more individualized
learning pathways, adaptive approaches can encourage students to
take a more active role in their learning development (Rincon-Flores
et al., 2024). Although adaptability in professional engineering
extends beyond adaptive learning as a pedagogical method, both
reflect the broader importance of responding effectively to changing
knowledge requirements.

Challenge-based experiences can further broaden students'
understanding of engineering problems by placing technical
decisions within more complex contexts. The literature on active
evidence-based learning in engineering indicates that project,
problem, and challenge-oriented approaches can support learning
through authentic and contextualized activities (Sukacké et al.,
2022). Such experiences can encourage students to recognize that
engineering decisions are influenced by requirements and
constraints extending beyond isolated technical calculations.
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For aerospace engineering education, professional awareness
therefore involves understanding engineering work as part of a wider
system of technical requirements, collaborative processes, and
evolving technologies. Future engineers should be prepared not only
to apply existing knowledge but also to recognize when new
knowledge is required and to continue developing their capabilities
accordingly.

Taken together, these competencies suggest that the future
aerospace engineer cannot be characterized exclusively by technical
knowledge. Technical and digital competence, critical thinking and
problem-solving, interdisciplinary collaboration, communication,
and adaptability form an interconnected competency profile. The
educational challenge is to develop these capabilities without
weakening the rigorous scientific and engineering foundations that
define the discipline.

The preceding sections have examined the components
required to address this challenge from different perspectives. Active
learning strategies provide pedagogical mechanisms for student
engagement; technology enhanced environments expand the tools
and contexts available for learning; experiential activities connect
theoretical knowledge with engineering practice; and competency
development defines the capabilities that these experiences should
ultimately support. The next section integrates these dimensions into
a unified conceptual structure for future aerospace engineering
education.

AN INTEGRATED FRAMEWORK FOR FUTURE
ORIENTED AEROSPACE ENGINEERING EDUCATION

The preceding discussion indicates that the transformation of
aerospace engineering education cannot be achieved through a single
pedagogical method or technological intervention. Project-Based
Learning, Challenge-Based Learning, flipped and hybrid models,
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adaptive learning, laboratory activities, and emerging engineering
technologies address different aspects of the educational process.
Their broader value emerges when these elements are aligned around
a common objective: enabling students to transform theoretical
engineering knowledge into competencies that can be applied within
complex aerospace environments.

Based on the reviewed literature, this chapter proposes an
Integrated Framework for Future Oriented Aerospace Engineering
Education. The framework organizes aerospace engineering
education around four interconnected dimensions: pedagogical
strategies, technology enhanced learning environments, experiential
engineering practice, and future competency development. These
dimensions are not intended to represent consecutive or independent
stages. Instead, they form an interconnected educational system in
which pedagogical choices determine how students engage with
knowledge, technological environments expand how engineering
concepts can be explored, experiential activities provide
opportunities for application, and competency development
represents the broader educational outcome.

Pedagogical Strategies

The first dimension concerns the organization of the learning
process. Project-Based Learning, Challenge-Based Learning,
Flipped Classroom models, and adaptive learning offer different
mechanisms for increasing student participation and connecting
knowledge acquisition with application (Chua & Islam, 2021;
Lopez-Fernandez et al., 2020; Rincon-Flores et al., 2024; Rodriguez
et al., 2015).

Within the proposed framework, these strategies are regarded
as complementary rather than competing approaches. Project-Based
Learning can provide an environment for integrating disciplinary
knowledge around an engineering outcome, while Challenge-Based
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Learning can expose students to open-ended and multidisciplinary
problems. Flipped and hybrid models can create additional
classroom opportunities for interaction and application, whereas
adaptive learning can respond more effectively to differences in
individual learning progression.

The selection and combination of these strategies should
therefore depend on learning objectives and the characteristics of the
engineering subject. The framework does not prescribe a universal
pedagogical model; instead, it emphasizes purposeful alignment
between teaching strategy and the engineering capabilities that
students are expected to develop.

Technology Enhanced Learning Environments

The second dimension represents the technological
environments through which engineering learning can be supported.
The continuing evolution of aerospace engineering laboratories
demonstrates that experimental education remains an important
component of the discipline while adapting to changes in
engineering technologies and educational practices (Chen, 2026).

Technology enhanced learning environments can expand the
possibilities available for experimentation, analysis, and exploration
of aerospace systems. Their educational role, however, should
remain connected with engineering understanding. Students should
not simply learn how to operate technological tools; they should be
able to interpret their outputs, recognize assumptions and limitations,
and connect computational or experimental results with fundamental
engineering principles.

The growing relevance of intelligent control provides an
example of this relationship between technological development and
curriculum evolution. Educational approaches designed for
intelligent control in aerospace engineering illustrate how emerging

technologies can be incorporated into engineering preparation while
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remaining connected with established technical foundations
(Narimani et al., 2024).

Within the framework, technology therefore functions as an
enabler of learning and engineering inquiry, rather than as an
educational objective in isolation.

Experiential Engineering Practice

The third dimension provides the connection between
knowledge and application. Experiential engineering practice
includes activities in which students are required to use theoretical
knowledge within laboratory experiments, projects, design tasks,
engineering challenges, and collaborative problem solving
environments.

Project-based experiences in space engineering demonstrate
the potential of authentic engineering activities to connect multiple
areas of technical knowledge (Rodriguez et al., 2015). Similarly, the
ESA Concurrent Engineering Challenge illustrates how students can
experience multidisciplinary collaboration and engineering decision
making within a space mission context (Lopez-Fernandez et al.,
2020).

Experiential activities occupy a central position in the
proposed framework because they provide the environment in which
pedagogy and technology become connected with actual engineering
reasoning. Students move from knowing an engineering principle to
determining how and when it should be applied, interpreting the
resulting information, evaluating alternatives, and communicating
engineering decisions.

Experiential engineering practice can therefore be
understood as the integration layer between theoretical knowledge
and competency development. It provides the context in which
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students transform disciplinary knowledge into usable engineering
capability.

Future Competency Development

The fourth dimension concerns the capabilities that
aerospace engineering education ultimately seeks to develop. The
previous sections indicate that future oriented education should
maintain rigorous technical foundations while also supporting
critical thinking, problem solving, collaboration, communication,
and adaptability.

Innovative pedagogical approaches can contribute to critical
thinking and learning outcomes (Bhuttah et al., 2024), while project
and challenge-oriented environments can provide opportunities for
multidisciplinary collaboration and engineering decision making
(Rodriguez et al., 2015; Lopez-Fernandez et al., 2020). The
increasing presence of intelligent technologies simultaneously
expands the technical capabilities that future aerospace engineers
may require (Narimani et al., 2024).

Within the framework, competency development is therefore
conceptualized as multidimensional. Technical and digital
competence enables students to understand and work with
contemporary aerospace technologies. Critical thinking and complex
problem solving support the evaluation of engineering alternatives.
Communication and interdisciplinary collaboration enable effective
participation in complex engineering activities, while adaptability
supports continued learning as technologies and professional
requirements evolve.

These competencies should not be developed independently.
Authentic engineering activities frequently require several
capabilities simultaneously. A multidisciplinary aerospace project,
for example, may require technical analysis, digital tools, problem
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solving, teamwork, communication, and adaptation to changing
design requirements within the same learning experience.

From Educational Integration to the Future-Ready Aerospace
Engineer

The central outcome of the proposed framework is the future-
ready aerospace engineer. This concept does not refer simply to an
engineer familiar with the newest technologies. Rather, it describes
a graduate who combines strong scientific and engineering
foundations with the ability to apply knowledge, use contemporary
engineering tools, collaborate across disciplines, evaluate complex
problems, and continue adapting to technological change.

The framework therefore emphasizes integration across the
educational process. Pedagogical strategies determine how students
engage with learning; technological environments provide tools for
exploration and analysis; experiential engineering practice creates
opportunities to apply knowledge; and competency development
translates these experiences into capabilities relevant to engineering
practice.

Importantly, the relationships among these dimensions
should be understood as iterative rather than linear. Competency
development can influence the selection of future learning activities,
experiential tasks may reveal limitations in students' theoretical
understanding, and emerging technologies may require changes in
both pedagogy and curriculum content. Feedback among the
dimensions therefore allows the educational system to evolve in
response to student needs and technological developments.

Figure 2. Integrated Framework for Future Oriented Aerospace
Engineering Education
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As illustrated in Figure 2, future oriented aerospace
engineering education emerges from the interaction of pedagogical,
technological, experiential, and competency-oriented dimensions
rather than from any single instructional strategy. The framework
places the future-ready aerospace engineer at the center of this
interaction while emphasizing continuous feedback among its
components. Such a structure allows educational methods and
technologies to be selected according to their contribution to
engineering learning and competency development rather than their
novelty alone. The framework therefore provides a conceptual basis
for designing aerospace engineering learning environments that
preserve fundamental disciplinary knowledge while responding to
technological and professional change.

CHALLENGES AND IMPLEMENTATION
CONSIDERATIONS

The adoption of innovative teaching and learning strategies
offers significant opportunities for aerospace engineering education,
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but their effective implementation also presents several challenges.
Educational transformation requires more than introducing active
learning methods or advanced technological tools. It involves
coordinated changes in course design, instructor roles, learning
environments, assessment practices, and the relationship between
theoretical instruction and engineering application. The
effectiveness of educational innovation therefore depends largely on
how these elements are integrated within existing aerospace
engineering curricula.

One important consideration concerns the design and
implementation of active learning environments. Project-Based
Learning and Challenge-Based Learning can provide students with
authentic and multidisciplinary engineering experiences, but these
approaches require careful planning and coordination. Projects and
challenges should be sufficiently complex to encourage engineering
reasoning while remaining achievable within students' existing
knowledge, available time, and intended course outcomes.
Experiences reported in aerospace and space engineering education
demonstrate the educational potential of these approaches while also
emphasizing the importance of structured learning environments
(Rodriguez et al., 2015; Lopez-Fernandez et al., 2020).

A related consideration is the changing role of educators.
Student-centered education does not reduce the importance of the
instructor; instead, it changes the nature of instructional
responsibility. In addition to providing disciplinary knowledge,
educators may be required to design authentic engineering activities,
facilitate teamwork, guide problem solving processes, integrate
technological resources, and provide feedback throughout learning
activities. Successful implementation therefore depends not only on
the availability of innovative methods but also on the capacity to
align these methods with appropriate instructional practices.
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Technology integration presents another implementation
challenge. Simulation, computational environments, intelligent
control methods, and other digital technologies can expand the range
of engineering problems accessible within educational settings.
Their educational value, however, depends on whether students are
encouraged to understand underlying engineering principles,
interpret outputs critically, and recognize assumptions and
limitations. The evolution of acrospace laboratory education and the
development of educational approaches for intelligent control
illustrate the importance of connecting technological innovation
with meaningful engineering learning (Chen, 2026; Narimani et al.,
2024).

Curriculum design must also balance technological
responsiveness with the preservation of fundamental engineering
knowledge. Aerospace engineering programs are expected to
maintain rigorous preparation in mathematics, physics, engineering
sciences, and discipline specific subjects while responding to
developments in increasingly digital and intelligent aerospace
systems. Continuously adding new technological content without
reconsidering curriculum structure may increase content density
without necessarily improving educational outcomes. Emerging
technologies should therefore be incorporated where they
meaningfully extend established engineering foundations and
support intended competencies.

Another consideration involves differences among learners.
Students may enter engineering courses with different levels of prior
knowledge and may progress at different rates. Adaptive learning
provides one approach for responding to such variability through
more individualized learning pathways (Rincon-Flores et al., 2024).
This suggests that collaborative active learning and individualized
learning support should not be treated as opposing approaches. They
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can instead address different educational needs within the same
broader learning environment.

Assessment practices must similarly reflect changes in
educational objectives. If aerospace engineering education seeks to
develop not only technical knowledge but also problem solving,
critical thinking, collaboration, communication, and adaptability,
assessment should be capable of capturing these different
dimensions. Conventional examinations remain valuable for
evaluating theoretical understanding and analytical competence, but
project work, engineering challenges, laboratory activities, and
collaborative tasks may reveal additional dimensions of student
performance. Alignment among learning objectives, instructional
activities, and assessment is therefore essential when implementing
active and experiential approaches (Sukacké et al., 2022).

The combination of multiple educational strategies also
requires careful consideration. Project-Based Learning, Challenge-
Based Learning, flipped learning, and adaptive learning address
different aspects of the educational process, and their simultaneous
use should not result in unnecessary instructional complexity.
Instead, combinations should be selected according to the
characteristics of the subject and intended learning outcomes. The
hybrid Project-Based Learning-Flipped Classroom approach
examined by Chua and Islam (2021) demonstrates how different
strategies can be combined within a coherent engineering learning
environment.

Institutional ~ conditions  may  further  influence
implementation. The framework proposed in this chapter requires
alignment among pedagogical strategies, technological learning
environments, experiential activities, and competency objectives.
The extent to which these dimensions can be integrated may differ
according to available laboratory infrastructure, technological

resources, curriculum structure, instructional capacity, and the
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characteristics of individual courses. Consequently, the proposed
framework should be interpreted as a flexible conceptual structure
rather than a standardized model that must be implemented
identically across institutions.

The practical value of educational innovation ultimately
depends on whether it improves the relationship between
engineering knowledge, learning experience, and professional
competency. New technologies and pedagogical approaches should
therefore be selected according to the educational functions they
perform rather than their novelty. An advanced digital tool has
limited educational value if students cannot connect its outputs with
engineering principles, just as an active learning method has limited
value if its activities are not aligned with clearly defined learning
outcomes.

Accordingly, implementing the proposed framework requires
a balanced approach. Aerospace engineering education should
preserve rigorous disciplinary foundations while providing students
with opportunities to apply knowledge through active, experiential,
collaborative, and technology-supported learning. Such an approach
allows educational innovation to remain connected to the central
objective of engineering education: developing graduates capable of
understanding complex systems, making informed engineering
decisions, collaborating effectively, and adapting their knowledge as
aerospace technologies continue to evolve.

CONCLUSION

Aerospace engineering education is evolving in response to
increasing technological complexity, digitalization, intelligent
systems, and the multidisciplinary nature of contemporary aerospace
practice. While strong foundations in mathematics, physics, and
engineering sciences remain essential, these foundations must
increasingly be complemented by learning experiences that enable
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students to apply knowledge, evaluate complex problems,
collaborate across disciplines, and engage effectively with emerging
technologies.

This chapter examined Project-Based Learning, Challenge-
Based Learning, flipped and hybrid learning, and adaptive learning
as complementary strategies for supporting a more active and
student-centered educational environment. Evidence from aerospace
and broader engineering education indicates that these approaches
can strengthen the connection between theoretical knowledge and
practical application while supporting student engagement, critical
thinking, problem solving, and collaborative learning (Rodriguez et
al., 2015; Lopez-Fernandez et al., 2019, 2020; Chua & Islam, 2021;
Sukacké et al., 2022; Bhuttah et al., 2024; Rincon-Flores et al.,
2024).

The discussion also highlighted the changing role of
laboratories, simulation, digital environments, and intelligent
technologies in aerospace engineering education. As engineering
practice becomes increasingly technology intensive, educational
environments should provide students with opportunities to engage
with contemporary tools without weakening their understanding of
fundamental engineering principles. The evolution of aerospace
laboratory education and the growing relevance of intelligent control
demonstrate the importance of maintaining this relationship between
technological capability and engineering understanding (Narimani et
al., 2024; Chen, 2026).

Based on these considerations, the chapter proposed an
Integrated Framework for Future Oriented Aerospace Engineering
Education structured around four interconnected dimensions:
pedagogical strategies, technology enhanced learning environments,
experiential engineering practice, and future competency
development. The framework emphasizes that meaningful

educational innovation emerges from the interaction among these
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dimensions rather than from the isolated adoption of individual
teaching methods or technologies. At its center is the future ready
aerospace engineer, characterized by strong technical foundations,
digital competence, critical thinking, problem-solving ability,
interdisciplinary collaboration, communication, and adaptability.

Ultimately, preparing aerospace engineers for an evolving
professional environment requires a balance between continuity and
transformation. Fundamental engineering knowledge must remain at
the core of aerospace education, while pedagogical practices and
learning environments should evolve in response to technological
and professional change. The central objective is therefore not
simply to make aerospace engineering education more
technologically advanced, but to make it more integrated,
experiential, adaptive, and competency oriented. Such an approach
can strengthen the connection between education and engineering
practice and provide students with the capabilities required to
contribute effectively to the continuing transformation of aerospace
systems.
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